INTRODUCTION The Prevalence of Obesity
The prevalence of obesity has increased substantially since the mid-20th century. Although there seems to have been an accelerated rate of increase somewhere around 1980, at least in the United States (Baskin et al., 2005; Ogden et al., 2007) , evidence suggests that obesity has been increasing in prevalence for over one hundred years (Helmchen and Henderson, 2004) . Within the United States, this increase has occurred in every age, race, sex, and socioeconomic group. Although recent evidence suggests that the prevalence of obesity may have begun to asymptote within some segments of the U.S. (Ogden et al., 2008) and some other populations, there is no sign of any decreases in U.S. prevalence to date. Obesity has not only increased in the United States but also seems to have increased in virtually every country where detailed data are available (Caballero, 2007) . The reasons for this increase are incompletely understood (Keith et al., 2006; Astrup et al., 2006; Bray and Champagne, 2005; Eisenmann, 2006) .
Hegemony of the Big Two
The two most commonly advanced reasons for the increase in the prevalence of obesity are certain food marketing practices and institutionally-driven reductions in physical activity, which we have taken to calling "the big two." Elements of the big two include, but are not limited to, the "built environment," increased portion sizes in commercially marketed food items, inexpensive food sources such as fast food, increased availability of vending machines with energy-dense items, increased use of high fructose corn syrup, and less physical education in schools. It is important to distinguish the big two from energy intake and physical activity energy expenditure or more loosely "diet and exercise" with which they are often inappropriately conflated. That is, when we question the strength of the evidence of the big two as contributors, or certainly the chief and near sole contributors to the obesity epidemic, we are not questioning the importance of energy intake and energy expenditure, including physical activity energy expenditure in influencing obesity levels. Rather, we are suggesting that a myopic emphasis on the "big two" has caused the popular media and perhaps some researchers as well, to neglect the significant contributions of other factors as they influence the balance between energy intake and expenditure. Our questioning of the big two stems from two points. First, the evidence supporting various elements of the big two as contributors to individual or population levels of obesity is often quite weak. Second, even though some elements of the big two do very likely play some role in influencing obesity levels, we believe that an unquestioned assumption of their preeminence has led to the possibly ill-advised expenditure of public effort and funds on programs aimed at reducing population levels of obesity that has also reduced the exploration of other potential causes and the alternative obesity reduction programs that might stem from their identification.
The big two seem to be accorded special status in many dialogs and writings on obesity such that our usual healthy scientific skepticism is held back when considering them. Perhaps this is because the big two as explanations for obesity appeal to a prevalent anti-corporate sentiment (Crossley, 2002) or perhaps because they have an intuitive appeal based, in part, on their simplicity and the fact that they require little specialized knowledge to comprehend and deal with easily observable aspects of life with which all of us are familiar. Regardless of the cause, as scientists, we should retain our skepticism toward all hypotheses and our open-mindedness to new hypotheses.
What are some of the specific facts that enhance our skepticism of the big two as near-omnipotent causes of the obesity epidemic? We make no pretext of offering an exhaustive consideration of evidence for or against the big two, but rather highlight a few bullet points that reinforce our skepticism.
• Restaurant Dining. Restaurant dining and fast-food restaurant dining in particular have been considered as major contributors to the obesity epidemic. Yet, Anderson and Matsa (2008) conducted an analysis of a nationally representative sample of 3-day food records and found that while diners at fast food restaurants ate roughly 200-300 kcal more during restaurant meals, they largely compensated by eating less on other occasions such that the net increase in energy intake associated with restaurant dining was extremely small (i.e., 24 kcal on days in which someone ate in a restaurant). • Physical Education. Some argue that a reduction in the frequency of physical education (PE) is a major contributor to obesity. Yet the evidence that PE frequency has decreased is itself questionable (Sturm, 2005) and some studies in children report that the frequency of participation in sport has increased (Salmon et al., 2003) . Regardless of changes in the frequency of PE offerings or participation, much evidence suggests that standard PE classes have no appreciable impact on obesity levels (Cawley et al., 2007) . • Sidewalks and the Built Environment. Some have suggested that aspects of the "built environment" especially lack of sidewalks decreases walking which in turn increases obesity. Yet, when Miles et al. (2008) compared "walking and obesity rates in two African-American neighborhoods that are similar in urban form but different in level of neighborhood disadvantage," they found that "levels of leisure walking and physical activity were not higher, and rates of obesity were not lower in the non-poor neighborhood with better maintenance, more sidewalks, and recreational facilities." • High-Fructose Corn Syrup Consumption (HFCS). HFCS consumption (but not necessarily fructose per se) has increased substantially in the last several decades and has been speculated to be a contributor to the obesity epidemic (Bray et al., 2004; Welsh et al., 2005 ). Yet, a critical review (Forshee et al., 2007 ) and a recent position paper from the American Medical Association concluded "Because the composition of HFCS and sucrose are so similar, particularly on absorption by the body, it appears unlikely that HFCS contributes more to obesity or other conditions than sucrose" (American Medical Association, 2008). • Vending Machines. Vending machines have been discussed as a threat to childhood overweight and obesity and changes in school policy have been made to reflect this view (Sothern et al., 2004) . Yet little to no extant evidence indicates that vending machines have contributed to the problem (Faith et al., 2007) .
These are just a few examples and we do not wish to imply that any of the hypothesized influences described in the bullet points above merit being summarily dismissed. Further research on many aspects of the big two is clearly warranted. Our point is merely that we do not have conclusive evidence that the big two or their individual elements are the preeminent contributors to the obesity. Despite the lack of solid evidence that clearly demonstrates the "culprits" are chiefly responsible for the obesity epidemic, researchers are quick to blame them even in the public eye. Cooper (2004) , when advising politicians on policy making, stated "Yes, fast food and convenience foods are more prevalent today than ever before. And yes, portion sizes and caloric intake have increased. But that doesn't mean that these are the only culprits in our growing battle with the bulge. The wholesale lack of physical activity is the primary reason [emphasis added] for our expanding waistlines." Such confidence in one "culprit" is then often contradicted by public health proponents advancing their favored target for intervention.
Based on these confident statements by researchers, the mass media publishes articles with statements regarding obesity such as "There are several reasons for the rising rates, experts say. Contemporary life has become more sedentary, with more time spent in front of the computer and TV screens and less time engaging in rigorous activity. . . ..Americans are also eating out more often and becoming accustomed to larger portions" (Taneeru, 2006) . This same article quoted Arkansas Governor Mike Huckabee, as saying "'Kids today don't come home and play in their neighborhoods and run and romp 'til it's dark. . . They come home, they get in behind locked doors so that their parents can know where they are and they turn on the computer or television or a video game and they sit with a bowl of chips in their lap and they eat and they sit." As scientists we believe that we can and should do our part to offer a more sophisticated and data-based view of obesity.
The Complex Reality of Obesity and other Putative Influences
Outside the circle of public health advocacy discussions, scientists widely and readily acknowledge that multiple factors contribute to obesity, including but not necessarily limited to genetic, dietary, economic, psychosocial, reproductive, and pharmacologic factors. Our purpose here is to expand upon our brief discussions elsewhere (Keith et al., 2006) and offer a more thorough discussion of factors that may be contributing to the obesity epidemic beyond those conventionally included within the big two. We introduce one or two additional factors not covered by Keith et al. (2006) . We do not discuss two factors covered in that previous article, namely reductions in smoking prevalence and demographic changes, because we believe that they are so well documented and supported that little further review of the evidence is needed at this time. For a useful recent consideration of the influence of smoking reduction on obesity, see (Baum, 2008) . While the role of decreased smoking in the obesity epidemic is an important observation, it does not change the fact that smoking is an unhealthful habit that we would not wish to promote. Similarly, demographic changes may play a role in obesity but they are not subject to manipulation by reasonable public policy. For these reasons, we do not consider smoking and demographic changes further herein.
The Evidence We Will Cover
Although there is some variation from one putative cause to another, we generally seek evidence of the following types.
(A) Ecological Correlation. This is generally the weakest form of evidence but worth reviewing because it provides a basis for hypothesis generation and can offeradditional support to an overall body of evidence. Ecological correlative evidence would typically involve showing that the amount of the putative contributing factor has increased over time during the same period that obesity has increased or is positively correlated with obesity levels across populations (e.g., countries) within a time-period. (B) Individual Level Epidemiologic Correlation. This is a somewhat stronger form of evidence because we can, in principle, make better attempts to control for potential confounding factors. Such evidence, though stronger than ecological correlation, can still only demonstrate association and not causation. (C) Non-Human Experimental Evidence. Such data including that derived from cell line and model organism studies, are usually very convincing because they can provide us with evidence about causation and the mechanisms of action. However, such evidence always leaves extrapolation to humans open to question. (D) Human Experimental Evidence. Human experimental evidence (by experimental we mean studies in which subjects are randomly assigned to different levels of the independent variable under study) can offer evidence about causation in humans and are likely the best evidence we can obtain. Unfortunately, such evidence is often limited in the present context for several reasons. First, it is often impractical or unethical to randomly assign people to be exposed to the factors under study (e.g., presumed toxins). Second, even when randomized experiments can be done it is often difficult to do them with sufficient fidelity on a large scale and for a sufficiently long period of time to permit confident conclusions about long-term population effects. Thus, the evidence available in this realm is often limited to small, short-term, or laboratory analogue studies.
For each of the putative causes we will review, we seek evidence in each of the categories described above to provide a picture of the strength or lack thereof of the entire body of evidence.
INFECTIONS AND OBESITY General Statement of Putative Cause and Hypothesized Mechanism of Action
Although ten different microbes have been reported to cause obesity in various experimental models , the possible contribution of infections in the etiology of human obesity is often overlooked. Considering the etiological role of infections in several other chronic diseases, (Dhurandhar, 2001) , a relationship between infections and obesity is plausible. The close interaction between the function of the immune system and adipose tissue adds to this plausibility. Adipocytes and macrophages share many similar functional characteristics, and they are in fact so similar that preadipocytes have the ability to differentiate into macrophages (Charriere et al., 2003) . Therefore, it is plausible for adipose tissue to expand in response to certain infections, as a direct consequence or by shifting of the organism to surplus energy state. In case of some infections, the resulting adiposity could be due to a "bystander" effect, similar to the effect caused by helicobacter pylori which burrows under the mucus lining of the stomach and causes gastritis and ulcers in the process (Dunn et al., 1997) .
Basic Science Evidence

Animal Evidence
Experimental infection of animal models with obesitypromoting microbes results in increased adiposity, demonstrating a direct cause-and-effect relationship. These experimental models range from non-human primates to insects and include rodents and chickens. Canine distemper virus (CDV) was the first reported obesity promoting virus (Lyons et al.,1982) . In mice infected with CDV, obesity develops after acute infection has abated and when no virus is detectable. This modus operendi supports the "hit and run" hypothesis that infection can have effects even when the active infection is no longer detectable (Bernard et al., 1999; Nevels et al., 2001) . CDV decreases levels of melanin concentrating hormone (Veraeten et al., 2001) , and down-regulates leptin receptors in the hypothalamus, (Bernard et al., 1999) which may promote positive energy balance in this model.
Other infectious agents have also been examined in this context. For example, Rous-associated virus-7 (RAV-7), an avian retrovirus, causes stunted growth, obesity, and hyperlipidemia in chickens (Carter et al., 1983 a,b) . The main effect of RAV-7 that may contribute to adiposity is a decrease in thyroid hormone levels (Duff et al., 1969) . In addition, Borna Disease virus has been found to cause obesity in rats (Gosztonyi et al., 1995) by damaging the hypothalamus and by neuroendocrine dysregulations (Herden et al., 2000) , and scrapie agent shave been reported to induce obesity in mice (Kim et al., 1987; Carp et al., 1998) . Although the exact adipogenic mechanism is unknown, scrapie agents disrupt normal glucose metabolism, with hyperglycemia resulting in disrupted transvascular glucose transport in some regions of the brain (Vorbrodt et al., 2001) which may lead to functional dysregulation of the hypothalamus and consequential adiposity.
Next, four adenoviruses were reported to promote obesity. Animals experimentally infected with SMAM-1, an avian adenovirus, or three human adenoviruses, adeneovirus-36 (Ad-36), Ad-5, and Ad-37 developed increased adiposity (Dhurandhar et al., 1990; 1992; Whigham et al., 2006; So et al., 2005) compared to controls despite similar food intake.
SMAM-1 caused a 53% increase in visceral fat in chickens compared to the control group in just three weeks after inoculation (Dhurandhar et al., 1990; 1992) . Originally un-infected cage-mates of the experimentally infected chickens acquired the virus via horizontal transmission and developed visceral adiposity. Paradoxically, the increased adiposity due to SMAM-1 infection was accompanied by a reduction in serum cholesterol and triglycerides.
Like SMAM-1, Ad-36 increases adiposity in experimentally infected chickens, as well as rats, mice, and marmosets (nonhuman primates) (Dhurandhar et al., 2000; Pasarica et al., 2006) , without inducing detectable hyperphagia, and reduces serum cholesterol and triglycerides (Dhurandhar et al., 2000; . Compared to uninfected controls, Ad-36 infected marmosets showed a fourfold gain in body weight and a significant increase in total body fat (36 ± 6 g vs 23 ± 3 g). In the rat model, Ad-36 appears to exert both central and peripheral effects (Pasarica et al., 2006) . Ad-36 decreased norepinephrine levels in the paraventricular nucleus, arcuate nucleus, dorsomedial hypothalamus, and ventro-medial hypothalamus. Other neurotransmitters such as dopamine and 5-hydroxyindolacetic acid concentrations were also reduced in some of these brain regions. On the other hand, Ad-36 increased whole body insulin sensitivity and enhanced expression of genes involved in the adipogenic and de-novo lipogenesis pathway such as fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC-1) . Just four days following infection, Ad36 spreads to adipose tissue, liver, kidney, and brain, lowers inflammatory cytokine levels, and infected rats have increased epididymal fat pad weight (Pasarica et al., 2008b) . The adipogenic role of Ad36 was recently confirmed independently by another research group (Thomas et al., 2008) , who showed that Ad36 could be used as a tissue engineering tool for building adipose tissue.
Recently, more human adenoviruses were tested for their adipogenic potential in animal models. Six subgroups classify adenoviruses by genetic similarity. Adenovirus type 5 (Ad-5) induced adiposity in mice (So et al., 2005) , and Adenovirus 37 (Ad-37) increased adiposity in chickens, whereas other two human adenoviruses Ad-2 and Ad-31 are nonadipogenic in chickens (Whigham et al., 2006) . Thus, the adipogenic effect is not shared by all adenoviruses, but appears specific to certain serotypes. The adipogenic potential of the remaining 45 known human adenoviruses has not been tested.
Dragonflies (Libellula pulchella) infected with a common, noninvasive gregarine gut parasite (Apicomplexa: Eugregarinorida) showed symptoms similar to human metabolic syndrome (Schilder et al., 2007) . Infected dragonflies developed significantly higher thoracic lipid accumulation, an inability to oxidize fatty acids in muscle tissue, twofold higher hemolyph carbohydrate concentrations than uninfected insects, increased insulin resistance, and elevated markers of a chronic inflammatory state-symptoms similar to those of the metabolic syndrome in humans. Although the factors secreted by the parasites were considered responsible for the phenomenon, the exact mechanism is unknown.
Even gut microflora has been reported to enhance adiposity. Introduction of normal gut microbiota into germ-free mice increases their body fat by 60% and induces insulin resistance (Backhed et al., 2004) despite the lower food intake in this group. The introduction of gut microbiota increased harvest of monosaccharides from the gut and hepatic de novo lipogenesis. Fasting-induced adipocyte factor (Fiaf), a lipoprotein lipase (LPL) inhibitor released by the intestinal epithelium, is suppressed by introduction of microbiota. Disinhibition of LPL is thought to increase triglyceride storage in adipocytes and contribute to resulting adiposity. These researchers later discovered that microbiota of genetically obese mice (ob/ob mice) had a higher relative abundance of the firmicutes vs the bacteriodetes division of bacteria, and the reverse was true in the microbiota population of lean mice. When the gut of germ-free mice were colonized with microbiota of the genetically obese mice, the originally germ-free mice had a significantly increased level of total body fat than their germ-free counterparts colonized with microbiota from genetically lean mice (Turnbaugh, 2006) . Although increase in adiposity clearly followed gut colonization with microbiota, considering their role as "normal" intestinal flora, this model may not be considered an "infection."
The role of gut bacteria in body weight and adiposity regulation was further studied by Cani et al., (2007) . Lipopolysaccharide (LPS) is a proinflammatory bacterial cell wall component that is normally produced by the death of gram negative bacteria and absorbed into the body. During septicemia, the usual levels of plasma LPS rise 10 to 50 fold and induce anorexia, among other metabolic effects. With less dramatic increase, LPS is able to induce weight gain and metabolic changes. Mice on a high fat diet had increased plasma LPS by about twofold, reduced gramnegative bacteriodetes in their gut, and increased body weight and insulin resistance (Cani et al., 2007) . Infusion of exogeneous LPS to mimic its plasma levels similar to a high fat diet also resulted in weight gain and impaired glycemic response. This study shows the role of bacterial products in regulation of body weight and metabolism.
In Vitro Evidence
In-vitro effects of few adipogenic pathogens have been studied; Ad-36 is perhaps the most studied among the group. This virus enhances differentiation and lipid accumulation of 3T3-L1 and human primary preadipocytes, an ability not possessed by all adenoviruses, as demonstrated by the use of Ad-2 as a negative control (Vangiparum et al., 2004; Rathod et al., 2009 ). Viral mRNA expression, but not necessarily DNA replication is required for this adipogenic effect . Even in the absence of adipogenic cocktail MDI, Ad-36 activates phosphotidyl inositol kinase (PI3K) and cAMP pathways, increases cell replication, expression of several genes of adipogenic cascade such as PPARγ , CEBP/β and consequentially, induces differentiation and lipid accumulation in 3T3-L1 cells and human adipose derived stem cells (hASC) Rathod et al., 2009) . In human primary adipose tissue derived stem cells, Ad36 robustly induces adipogenic commitment, differentiation and lipid accumulation (Pasarica et al., 2008a) .
E4 orf-1, a viral gene, is required and sufficient for this adipogenic effect of Ad-36 . Moreover, Ad-36 reduces leptin expression and secretion in rodent fat cells, which may reduce the autocrine/paracrine inhibitory effect of leptin on preadipocyte differentiation. Interestingly, adenoviruses Ad-37 and Ad-9 also enhance 3T3-L1 differentiation and reduce leptin secretion , and Ad-31 also is able to increase 3T3-L1 differentiation in vitro (Whigham et al., 2006) .
In-vitro infection with Ad-36 increases glucose uptake by primary rodent adipocytes and human adipose tissue explants or hASC human primary skeletal muscle cells through a virally induced increase in PI3K activation. This may explain the increased insulin sensitivity observed in Ad-36 infected rats (Pasarica, 2006) . Overall, increased glucose uptake and de-novo lipogenesis, greater replication, differentiation and lipid accumulation in Ad-36 infected adipocyte progenitors and greater glucose uptake by skeletal muscle may contribute to adiposity with a healthy metabolic profile induced by the virus in-vivo.
In-vitro data for Ad-36 provides an example for determining molecular mechanisms of other adipogenic pathogens. Considering that ethical concerns preclude experimental infection of humans, such mechanistic in-vitro evidence is especially important for eventually determining the role of pathogens in human obesity.
Epidemiologic Evidence
Obesity is associated with inflammation (Pickup et al., 1997; Bistrian et al., 2000) , but specific causal relationships are as yet undetermined. Modest evidence shows that inflammation precedes obesity. Duncan et al. (2003) showed that increase in pro-inflammatory markers could predict obesity in human participants. Macrophage colony stimulating factor (MCSF) is a proinflammatory marker increased in obesity, and overexpression of MCSF in adipose tissue increased adiposity in transgenic animals (Levine et al., 1998) . It is unknown if obesity promoting pathogens stimulate MCSF production leading to the growth of adipose tissue. Human and animal models show a role of adipose tissue in secreting pro-inflammatory cytokines (Maachi et al., 2004; Trayhurn et al., 2001) ; however, recent evidence suggests that increased pro-inflammatory cytokines is not a consequence of adiposity in at least some animal models. Whether inflammation is a cause or effect of obesity remains unresolved.
The issue appears to have inspired epidemiological reports of the relationship between infection, an obvious cause of inflammation, and obesity. For example, Fernandez-Real et al., (2006) tested middle-aged men for antibodies to four common viral infections and determined a composite pathogen burden score based on these results. The composite score was significantly correlated with fat mass and percent fat mass ( Fig. 1) . Overall, the composite pathogen burden score accounted for 9% of the variance in fat mass. Another study by the same group found that seropositivity to the same four common viruses was negatively associated with insulin sensitivity after controlling for BMI (Fernandez-Real et al., 2006) . The authors hypothesized that low grade inflammation may be caused by viral load, contributing to both obesity and insulin resistance.
Specific infections may be linked to human obesity. Some studies report the association of Chlamydia Pneumoniae with higher BMI in humans (Ekesbo et al., 2000; Dart et al., 2002) , whereas others found no association (Blanc et al., 2004; Falk et al., 2002; Muller et al., 2003) . Interestingly the antibody positive subjects were older and of lower socioeconomic status, and had higher fasting insulin levels. The authors suggest that obesity might not only be a marker for lower socioeconomic status, but also for greater susceptibility to infection. This accords with evidence suggesting that obesity is associated with impaired immune function (Marti et al., 2001) .
Natural infection of Ad-36 is also associated with human obesity. Seventeen percent of the 500+ subjects screened, showed seropositivity to Ad-36, indicative of a past natural infection with the virus (Atkinson et al., 2005) . Thirty percent of the obese, but only 11% of the nonobese subjects in this sample were Ad-36 seropositive, demonstrating a preponderance of natural infection among the obese subjects. Moreover, the obese and nonobese seropositive groups were significantly heavier than their respective seronegative counterparts. Unlike Ad-36 seropostivity to Ad-2 or Ad-31, two nonadipogenic adenoviruses (Whigham et al., 2006) showed equal distribution among the obese and non-obese groups and no association with BMI. This suggests that the differential Ad-36 seropositivity observed in obese subjects was not due to their increased propensity to catch infection. Instead, it is likely that Ad36 causatively contributed to their obesity. Furthermore, Ad-36 seropositivity was associated with lower levels of serum cholesterol and triglycerides, a response typical of animals experimentally infected by the virus (Dhurandhar et al., 2000; . Another study (Atkinson et al., 2005) in the same report investigated the association of Ad-36 seropositvity with BMI in twins discordant for antibody status. The seropostive twins were heavier and fatter compared to their seronegative counterparts. This study is particularly compelling and in favor of a causative role of Ad36 in human obesity because of the strong control offered by twin pair studies.
Seropositivity to SMAM-1, an avian adenovirus, is also associated with higher BMI's and as noted above, paradoxically lower serum lipids and cholesterol levels in obese subjects (Dhurandhar et al., 1997) . Twenty percent of obese subjects screened had antibodies to SMAM-1. Seropositive subjects had a significantly greater body weight (95.1 ± 2.1 kg vs. 80.1 ± 0.6 kg; p < 0.02), but 15% lower serum cholesterol and 60% lower serum triglycerides. Avian adenoviruses, being serologically different from their human counterparts, are considered to be incapable of infecting other species. The presence of antibodies to an avian adenovirus in humans challenges that view. Perhaps, the subjects of this study had antibodies to a human adenovirus which cross-reacts with SMAM-1. The prevalence of SMAM-1 seropositivity in general population has not been reported. 
Experimental Evidence from Humans
For several reasons establishing an unequivocal causative role for these pathogens in human obesity via experimentation is difficult. For ethical reasons, humans cannot be experimentally infected with these pathogens. Moreover, due to an insidious onset of obesity in most cases, linking a past infection to weight gain is not easy. The multifactorial etiology of obesity adds to the challenge. It is possible that certain pathogens exacerbate obesity by working in conjunction with other adipogenic factors but may easily be eclipsed by those factors. Therefore, determining the contribution of various pathogens in human obesity will have to depend on the collection and analysis of overwhelming indirect evidence. Elucidating molecular mechanisms of adipogenic actions of these pathogens may help in investigating the role of pathogens in human obesity. Cross-sectional, prospective, and longitudinal studies of subjects with and without infections of candidate pathogens are required. Demonstration of coexistence of obesity and a candidate pathogen infection in family clusters or other co-habitants, or prospective follow-up of subjects with and without suspected infection may strengthen the evidence. In fact, the prevalence of obesity in friends and family clusters was recently reported (Christakis et al., 2007) . This longitudinal study showed increased chances to "contract" obesity, if a spouse, sibling, or friend became obese. This spread of obesity was not dependent on geographic location, but instead appeared to spread through social ties. This study does not prove a role of infection in the incidence of obesity, but the transfer through social ties is certainly consistent with the pattern one would expect to see in the spread of an infectious disorder.
Summary and Conclusions
Elucidation of the relationship between obesity and infections is only beginning, with Ad-36 being the most well-studied example of obesity of infectious origin to date. Considering the role that adipose tissue has in mediating inflammatory function, as well as the ability of microbes and viruses to alter metabolism, further research in this area may uncover many implications of infection in obesity.
EPIGENETICS AND OBESITY
General Statement of Putative Cause and Hypothesized Mechanism of Action
Just as genetic variation affects individual susceptibility to obesity (Rankinen et al., 2006) , so too might interindividual epigenetic variation. Because epigenetic mechanisms are susceptible to environmental influences, especially during development, a potential causal pathway emerges in which some environmental factors that have been increasing in recent decades are commensurately deranging the establishment of epigenetic mechanisms that contribute to body weight regulation.
Epigenetics describes the study of mitotically heritable alterations in gene expression potential that are not caused by changes in DNA sequence (Jaenisch and Bird, 2003) . Epigenetic mechanisms are established during prenatal and early postnatal development and function throughout life to maintain the diverse gene expression patterns of different cell types within complex organisms. Several molecular mechanisms including methylation of cytosines within CpG dinucleotides, various modifications of the histone proteins that package DNA in the nucleus, and cell-autonomous expression of myriad autoregulatory DNA binding proteins interact to perpetuate the regional chromatin conformation that dictates which genes will be transcriptionally competent in specific cell types (Feinberg, 2007) . Literally meaning "above genetics," epigenetics confers an extra level of information which is layered above the DNA sequence information and which, like the sequence, is replicated during cell division. In addition to this mitotic heritability, epigenetic mechanisms may also be meiotically heritable, conferring the potential for transgenerational epigenetic inheritance.
Our understanding of environmental influences on epigenetic processes remains rudimentary. Hence, we currently have a limited ability to propose specific environmental exposures whose increasing magnitude might influence epigenetic mechanisms at the population level and thereby contribute to the secular increase in obesity. Nonetheless, one exposure that is likely to be highly relevant is maternal obesity itself. The obesity epidemic is affecting all age groups, including women of childbearing age (Hedley et al., 2004) . If the intrauterine environment of an obese woman induces developmental adaptations in her developing fetus that then predispose her offspring to obesity, feed-forward transgenerational amplification of obesity could result (Levin, 2000) . Perhaps the strongest human data supporting this hypothesis are from children born before and after maternal weight loss by bariatric surgery: children born after maternal weight loss have a lower risk for obesity than do their siblings born before maternal weight loss (Kral et al., 2006) . Such "metabolic imprinting" of body weight regulation could occur via epigenetic mechanisms (Waterland and Garza, 1999; Waterland, 2005) . Indeed, a recent study in mice (Waterland et al., 2008) showed not only that maternal obesity promotes obesity in the next generation, but also that this effect is prevented by methyl donor supplementation, suggesting a role for DNA methylation in transgenerational amplification of obesity.
Transgenerational epigenetic inheritance has been documented in mice (Morgan et al., 1999) and has been suggested in recent human studies (Hitchins et al., 2007) . It is important to note, however, that epigenetic models for amplification of obesity prevalence across generations need not involve transgenerational epigenetic inheritance. Maternal (F0) obesity may induce somatic epigenetic alterations in her (F1) offspring that confer susceptibility to obesity. Consequently, F1 females would have an increased likelihood of being obese during their pregnancies, resulting in a perpetuation or amplification of obesigenic epigenetic alterations in the F2 generation. Recent rat studies provide evidencefor this model. Among inbred (genetically identical) rats, the level of maternal caregiving behavior in the early postnatal period modulates epigenetic mechanisms in the hippocampus of her offspring, causing persistent alterations in stress-responsiveness and other behaviors (Weaver et al., 2004) . Female offspring of "low caregiving dams" themselves grow up to be relatively inattentive dams (Weaver et al., 2004) , demonstrating inductive transfer of epigenetically based phenotypic variation across generations. In addition to such inductive effects passed through the mother, it is possible that bona fide transgenerational inheritance of induced epigenetic modifications could contribute to obesity risk. Importantly, not just maternal but also paternal environmental exposures theoretically could induce epigenetic modifications that pass through the male germ line to influence obesity risk in the offspring (Pembrey et al., 2006) .
The hypothesized mechanism of action, in which environmental factors induce epigenetic alterations that increase susceptibility to obesity, is based on two postulates:
(1) environment can induce persistent epigenetic alterations, and (2) epigenetic dysregulation can cause obesity. We will consider the data supporting these two postulates.
Environmental Influences on Epigenetic Regulation
Epigenetic mechanisms are intrinsically malleable and can be influenced by factors including diet, pharmacological agents, and environmental toxicants (Jirtle and Skinner, 2007) . Most importantly, transient environmental influences during critical periods of development can induce permanent alterations in epigenetic gene regulation and associated phenotypes (Waterland and Michels, 2007) . For example, methyl supplementation of female mice before and during pregnancy induces DNA hypermethylation at "metastable epialleles" such as agouti viable yellow (A vy ) (Waterland and Jirtle, 2003) and axin fused (Waterland et al., 2006) in the offspring, with permanent phenotypic consequences. Maternal exposure to bisphenol A (a synthetic estrogen and ubiquitous industrial contaminant) before and during pregnancy has the opposite effect, inducing DNA hypomethylation at A vy and another metastable epiallele, Cabp IAP (Dolinoy et al., 2007) . In a rat model examining interactions among prenatal and early postnatal environmental exposures, both fetal undernutrition and postnatal leptin administration were shown to induce persistent changes in DNA methylation and expression of hepatic genes (Gluckman et al., 2007c) . The previously mentioned study showing changes in offspring DNA methylation based on differences in maternal caregiving behavior (Weaver et al., 2004) provides yet another demonstration that, during early life, subtle environmental exposures can induce persistent and biologically important epigenetic alterations.
Epigenetics and Obesity
Data relating epigenetics to obesity are drawn from various sources. Animal models and human data illustrate that dysregu-lation of epigenetic processes can cause obesity. Recent molecular studies provide an additional link by showing that genes critical to energy balance are regulated by epigenetic mechanisms.
Cloned mice are born with normal birth weights but often develop adult-onset obesity accompanied by hyperinsulinemia and hyperleptinemia (Tamashiro et al., 2002) . Cloning results in epigenetic abnormalities (Jaenisch and Bird, 2003) ; it is therefore possible that the obesity of cloned mice is attributable to epigenetic dysregulation. A vy mice provide a clear example of obesity resulting from epigenetic dysregulation. The A vy mutation causes ectopic expression of agouti protein, a paracrine signaling molecule that normally regulates the production of yellow pigment in fur. Agouti protein binds antagonistically to the melanocortin 4 receptor in the hypothalamus, inducing hyperphagic obesity (Wolff et al., 1999) . Because of the epigenetic metastability of the A vy locus, genetically identical A vy /a mice vary dramatically in the degree of DNA methylation at A vy and, consequently, coat color and adult adiposity (Wolff et al., 1999) .
Epigenetic dysregulation is also implicated in human obesity. A striking example is provided by the Prader Willi syndrome (PWS), a developmental syndrome causing characteristic facial features, developmental delay, and hyperphagic obesity (Goldstone, 2004) . PWS results from a lack of paternal expression of genomically imprinted genes on chromosome 15q11-q13. Whereas most PWS is caused by a paternal deletion for this region, about 25% of cases are caused by maternal uniparental disomy (i.e., inheriting both copies of chromosome 15 from the mother) (Goldstone, 2004) . There is no genetic lesion in these cases; the inappropriate epigenetic silencing of both copies of the 15q11-q13 region leads to obesity.
If epigenetic dysregulation can cause obesity, it follows logically that epigenetic modifications will also sometimes prevent obesity. An epidemiologic study of parental inheritance of the human gene encoding insulin (INS) provides one such example. Several classes of INS alleles have been described on the basis of a variable number of tandem repeats (VNTR) at the locus. The very common class I VNTR allele appears to predispose to childhood obesity, but only when inherited from the father (Le Stunff et al., 2001) . These data suggest that when inherited from the mother the allele is epigenetically silenced, affording protection from the obesigenic effect of the class I VNTR polymorphism.
The latest version of the human obesity gene map (Rankinen et al., 2006) reported 11 human genes that cause monogenic obesity and 52 genomic regions harboring quantitative trait loci associated with human obesity. In addition to genetic variation, epigenetic variation at these same loci could affect body weight regulation. Mutations in the genes encoding leptin (LEP) and proopiomelanocortin (POMC) cause monogenic obesity in humans (Rankinen et al., 2006) . The promoters of both genes contain regions with a high density of CpG sites. Although cytosine methylation at such CpG islands functions to silence genomically imprinted alleles and genes on the inactive X chromosome, most promoter region CpG islands are unmethylated in normal tissues (Shen et al., 2007) . It is therefore surprising that both the LEP and POMC CpG islands exhibit tissuespecific methylation that correlates with expression. The LEP CpG island is slightly hypomethylated in human adipose tissue DNA relative to peripheral blood DNA (Stoger, 2006) , consistent with the adipocyte-specific expression of leptin. It is possible that more striking tissue-specific hypomethylation would be observed in isolated primary adipocytes, because most DNA in adipose tissue is derived from nonleptin-expressing stromal-vascular cells. Indeed, a study of human cells in culture showed that the LEP CpG island in pre-adipocytes (which do not express leptin) is hypermethylated, and the leptin expression of differentiated adipocytes is correlated with LEP CpG island hypomethylation (Melzner et al., 2002) . Similarly, the human POMC CpG island is hypomethylated in POMCsecreting human cells relative to cells that do not secrete POMC (Newell-Price et al., 2001) . Studies such as these demonstrate that "obesity genes" are regulated by epigenetic mechanisms and pave the way for studies of their potential dysregulation in obesity.
Summary and Conclusions
Environmental factors during development can induce permanent alterations in epigenetic gene regulation, and epigenetic dysregulation can contribute to obesity. It is therefore plausible (if not likely) that environmental influences on epigenetic gene regulation contribute to the secular increase in obesity.
MATERNAL AGE AND OBESITY General Statement of the Putative Cause and Hypothesized Mechanisms of Action
Over the last 40 years, there has been a dramatic change in childbearing patterns, starting in Europe and the United States, but now being seen in many areas of the world, especially in countries playing an active role in the expansion of the global economy. As more women enter the workforce, marriage and childbearing are increasingly being postponed to facilitate completion of education and establishment in a professional career track before embarking on the demands of parenthood (DeVore, 1983; Heck et al., 1997; Nabukera et al., 2006; Ventura, 1989; CDC, 1989) . This shift in the family paradigm has been enabled by advances in the field of assisted reproductive technologies (e.g., ovulation induction with gonadotrophins and in vitro fertilization) that have allowed women to achieve pregnancy, often their first, in their fifth decade of life. The mean pregnancy age has steadily increased throughout the world, and moreover, the mean age of first time mothers has risen, a factor further augmenting the impact of maternal age on obesity (Nabukera et al., 2006; Mathews and Hamilton, 2002) . The impact of this change in the social structure and its effect on the traditional family in terms of attention given to children, the type of diet provided, and the amount of physical activity encouraged, among other things, has been proffered as a potential contributor to the increasing rates of childhood and adolescent obesity. All the while, the idea that maternal age itself might be a contributor to escalating rates of obesity has been neglected.
Animal models and epidemiologic investigations have demonstrated a direct and independent association between maternal age and obesity in offspring. Although all contributory pathways await elucidation, many mechanisms of influence are already well defined and contribute, both directly and indirectly, to the long-term risk of obesity in offspring. This section discusses the shifts witnessed in maternal age distribution over the last several decades, considers how these alterations may influence a developing fetus, and reviews the data that demonstrate an association between the age of the mother at birth and the likelihood of subsequent obesity in the offspring.
Basic Science Evidence: Animal Data
Ovine models have provided insight into the ontogeny of adipose tissue. The development of fetal adipose tissue begins during early fetal development and proceeds along distinct pathways with differentiation into white and brown adipocytes. During fetal development, most adipose tissue is composed of brown adipocytes. These cells are responsible for the production of uncoupling protein 1 (UCP1), and concentrations of this protein increase progressively and dramatically until birth, after which production declines to undetectable levels as a result of a biological switch allowing white adipocytes to then predominate (Symonds et al., 2004) . UCP1 plays a key role in energy expenditure and thermogenesis and is considered the hallmark of brown adipose tissue metabolism (Hansen and Kristiansen, 2006; Ricquier, 2005) .
Given the critical role that brown adipose tissue is thought to play in the modulation of obesity, any factors that influence the biological switch or the production of UCP1 may contribute to an increase in the risk of obesity (Hansen and Kristiansen, 2006; Ricquier, 2005) . The regulation of this switching is influenced considerably by the maternal milieu, which is in part determined by maternal age (Symonds et al., 2004) . Symonds and colleagues showed that at 1 year of age, sheep born to adult mothers have increased fat deposition compared with those born to juvenile ewes. Furthermore, the offspring of first time mothers had greater overall adipose tissue accretion accompanied by an accelerated loss of brown adipose tissue metabolism and a decline in tissue-specific UCP1. Because this accelerated decline in brown adipose metabolism may never return to a baseline level of function, it may be associated with a propensity for white adipose deposition in later life, consistent with the observation of Lowell and colleagues, who showed that mice lacking UCP1 develop obesity (Lowell et al., 1993) . 
Ecological Correlation Evidence
Increased Maternal Age
Since the first recognition of this societal trend in the late 1980s and early 1990s, the changes have become more dramatic as the birth rates and maternal age means have continued on a similar steeply escalating trajectory. Similar changes have been noted in other developed countries, including Japan, Sweden, Switzerland, and the Netherlands (Mathews and Hamilton, 2002) .
In the United States in 2004, the most recent year for which final data are available, the number of births to women over 30 years of age rose to record levels, as did birth rates to these women. Between 1990 and 2004, the birth rate to US women 30 to 34 years of age increased 20% and the number of births increased 9%. More dramatically, the birth rate for women 35 to 39 increased 43% from 1990 to 2004, and the number of births to these women increased 50%, although the number of women this age increased only 5% during this time period. Similarly, the number of births to women 40 and older has more than doubled since 1990 (Martin et al., 2006) (Fig. 2) . The end result of these demographic shifts is that the mean maternal age at the time of birth in the United States rose 2.5 years between 1980 and 2004, from 25.0 to 27.5 years. A similar incremental increase occurred in mean age at first birth, which rose from 22.7 to 25.2 years (Martin et al., 2006) .
Maternal Age and Obesity Associations
One of the first reports to establish an association between maternal age and childhood obesity was that of Wilkinson and colleagues. In a nested case-control study conducted as part of a large British prospective cohort study, these researchers found that the mothers of obese children were on average 3.5 years older at the time of birth than the mothers of normal-weight children (Wilkinson et al., 1977) . Since then, several studies have demonstrated similar direct, independent, positive associations between maternal age at time of birth and multiple different parameters by which obesity is defined.
In a study of more than 8000 five-to eleven-year-old children, Duran-Tauleria and colleagues found a positive correlation of maternal age at the time of childbirth with both triceps and subscapular skinfold thickness in the offspring. In a multivariable model accounting for multiple covariates, maternal age independently explained 8% of the variability in these measurements and the rate of obesity (Duran-Tauleria et al., 1995) . Blair and colleagues also assessed the relationship between maternal age and childhood fat accretion. In a longitudinal study of 871 New Zealand children, using bioelectrical impedance to calculate percentage body fat, Blair et al. found an association by maternal age at birth with an increase in body fat percentage at age seven in the offspring. Children born to women 30 years of age or older had a body fat composition that was 2.6 to 2.8 absolute percentage points higher than that of children born to women younger than 25 (Blair et al., 2007) .
In addition to these studies that assessed individual measurements by which obesity could be defined, a similar association between maternal age and obesity can be seen when overall body composition is considered. Patterson and colleagues assessed data from more than 2400 girls aged 9 and 10 years followed as part of the National Heart, Lung, and Blood Institute's Growth and Health prospective cohort study. Using a definition of obesity as a BMI at or greater than the 85th percentile for the age group, Patterson et al. (1997) found that Figure 3 Univariate relationship between maternal age and prevalence of obesity in 9 and 10 year old girls. Derived from data reported by Patterson et al. 20 the prevalence of obesity in girls at 9 and 10 years of age was directly related to maternal age. As maternal age at birth increased from the youngest group assessed (21 years or younger) to the eldest group (greater than 35 years), the prevalence of obesity increased (Fig. 3) . Moreover, in a multivariable model, Patterson and colleagues calculated that each 5-year increment in maternal age increased the liklihoodfor obesity by more than 14%, such that for girls born to women over 25 years of age, the risk for childhood obesity is increased by nearly a third and for those born to mothers 30 and over, the risk is nearly double (Patterson et al., 1997) .
Part of the mechanism by which maternal age shapes the risk of obesity may be the effect of maternal age on birthweight. Older women are at risk for giving birth to infants at both ends of the birthweight distribution, i.e., both large and small for gestational age. Both of these groups are more likely to develop obesity. Compared with women 25 to 29 years of age, women 30 to 34 years of age were 24% more likely to give birth to large gestational age infants and those 35 or older were 42% more likely (Surkan et al., 2004) . In a follow-up study of nearly 20,000 children, Stettler and colleagues found that each 100 g increase in birth weight above the median for gestational age was associated with an increase in the risk of overweight at 7 years by 7% . Despite the above association between maternal age and larger for gestational age neonates, low birth weight infants also occur more commonly among older mothers, and the rate of low birth weight infants has increased twofold to threefold over the last 15 years (Prysak et al., 1995; Nabukera et al., 2006; Yang et al., 2006) . Whereas much of this risk has been thought to be associated with maternal comorbidities, even after adjustment for these confounders, the association persists (Cnattingius et al., 1992) . Infants born at this lower end of the spectrum may manifest the thrifty phenotype and be predisposed to catch-up growth and later onset of obesity . The impact of this factor on the etiology of obesity is addressed in the section, "Intrauterine and Intergenerational Effects."
Although there is convincing evidence of an independent effect for maternal age on the risk of obesity, it would be naïve to believe that the effects of maternal age operate in isolation. As women delay child-bearing, the opportunities to accrue co-morbidities increase. As such, the prevalence of many of these conditions increases with maternal age (Bobrowski and Bottoms, 1995) and these co-morbidities may further increase the risk of obesity by the effect on the intrauterine environment, as discussed elsewhere in this article. Several studies have shown that maternal age modulated any protective effect of increasing birthweight against the adult onset of hypertension. Hardy and colleagues postulated that this may be due to the increased risk imparted by maternal pre-eclampsia, hypertension, and fetal growth restriction, all of which occur with increasing frequency in older mothers in general, especiallyolder first time mothers, gravidas (Hardy et al., 2003) . Similarly, Lawlor et al. (2004) reported an increase in systolic blood pressure at 5 years of age for each 5-year increase in maternal age above the mean, and, furthermore, found maternal age was one of the strongest independent predictors of childhood systolic blood pressure. Although not directly assessed in either of the above studies, the strong association between obesity and hypertension adds further to the evidence implicating maternal age as a contributor to childhood and adult obesity. Although the data implicating maternal age as an independent contributor to obesity in offspring are compelling, the potential synergistic role of maternal comorbidities, such as obesity, insulin resistance, and hypertension, should not be neglected.
Reproductive Fitness and Obesity
General Statement of the Putative Cause and Hypothesized Mechanisms of Action
Herein, we define reproductive fitness as an individual's or a population's tendency (but not necessarily capacity) to reproduce and pass on their DNA. Measuring reproductive fitness directly is difficult, but fecundity, viewed here as the apparent capacity to produce offspring (i.e. birthrate), constitutes perhaps the most important and easily observed aspect of a population's reproductive fitness. The propositions that would lead to the conclusion that reproductive fitness (essentially natural selection, Darwin (1859)) is contributing to recent increases in obesity prevalence are:
(A) Adiposity levels in humans have a genetic component (i.e., are heritable); and (B) Individuals with a genetic predisposition toward higher levels of adiposity tend to reproduce at a higher rate than individuals with a predisposition toward lower levels of adiposity (Allison et al., 2003) .
The validity of proposition A is so well-established and well-documented that we will not review the evidence here. In brief, animal selection studies, and human twin, family, and adoption studies all consistently confirm the validity of this proposition. It has been estimated that within population genetic variations among people induce approximately 65% of the phenotypic variation among people in phenotypes like BMI (Segal et al., 2002) . For a detailed review see Allison et al. (2003) . As such, our review focuses primarily on the validity of Proposition B which does not require that obesity causes greater fecundity. It only requires that the portion of the population having a greater genetic predisposition to obesity reproduces at a higher rate than others. This could occur because obesity causes greater fecundity, the genes 1 causing obesity cause greater fecundity, people with stronger genetic predispositions to obesity are more fecund for any other reason (e.g., social, cultural, or economic factors), or any combination of these three.
Ecological Evidence
We found no studies in which the unit of analysis was a population that could suggest an ecological correlation relating fecundity and obesity predisposition.
Epidemiologic Evidence
BMI and Fertility Impairment
Although these studies may seem counter to Proposition B, note that they refer in some sense to the individual's physiologic reproductive capacity but not necessarily their reproductive tendency (i.e., fecundity). Fecundity is a function of both physiologic reproductive capacity and other factors including willingness and ability to find a mate, copulation frequency, use of birth control, use of abortive techniques, and, in this context, producing conceptions that survive long enough to be counted as obese or not and subsequently reproduce themselves.
BMI and Offspring Production
Studies in the United States have shown that an individual's BMI is significantly and positively related to the number 1 Proposition (B) is actually something of an oversimplfication and special case of the true condition that must be met. The true and more general condition which is an easier standard to meet can be stated in terms of BMI and offspring distributions:
where τ is the BMI cutoff used to demarcate obesity (i.e., 30), g denotes a particular generation, V denotes the number of offspring, and BMI V and BMI U denote the BMI of an offspring and a parent, respectively. of offspring that the individual has produced (Weng et al., 2004; Bastian et al., 2005; Rosenberg et al., 2003) . Among nearly 12,000 African-American women enrolled in the Black Women's Health Study, those having had at least one child between baseline measurement and the four years to follow-up gained more weight (∼4.4 kg) than women who did not have any children (Rosenberg et al., 2003) . Similarly, Bastian et al. (2005) noted a significant dose-response relationship (p < 0.05) between having more children and increasing obesity rates among about 2,000 older American women of European ancestry. As for couples, in a nationally representative sample of 4,523 couples, Weng et al. (2004) found the odds of obesity in the parents increased with each additional child they had for both women (OR = 1.07 with 95% CI: 1.04-1.10) and men (OR = 1.04 with 95% CI: 1.01-1.08). Bastian et al. (2005) also reported an increase in odds of obesity in women for each additional child after excluding childless women (OR = 1.07 with 95% CI: 1.01-1.15). A recent study by Kim and colleagues (2006) showed positive correlations of overweight with parities both within and across countries/regions. Specifically, they analyzed recent data from the Demographic Health Surveys of 50 countries from 5 regions and found that, in 38 of the countries, the odds ratios of overweight were greater than 1 for women with 4 or more children compared to women with only a single child. The magnitude of the associations of parity to overweight was greatest in North Africa/West Asia and Latin America and Caribbean regions. The odd ratios of overweight were positively correlated with levels of country development (a development score was calculated from an analysis of 12 measurements of wealth, human development, and quality of life) even though there were negative correlations between total fertility and country development. However, these observations were retrospective and do not rule out the possibility that producing offspring leads to obesity and not the reverse. Madrigal et al. (2003) analyzed a sample of 290 Irish women married or widowed prior to World War II who had very little or no exposure to Western methods of contraception. They found a significant positive correlation between BMI and the number of offspring subsequently produced and also noted a significant positive Spearman correlation between the size of a woman's family of orientation (number of her siblings + 1) and the number of offspring she produced (ρ = 0.15 with p = 0.009). This suggests that women with higher BMI tended to come from larger families and have larger families themselves (i.e., larger numbers of siblings and then offspring) and suggests that the association is not merely due to an effect of producing offspring increasing the risk of parental obesity. Likewise, in a study of US and Canadian college students and their parents, Ellis and Haman (2004) found that overweight and obese women tended to come from larger families (4.8 siblings) compared to women of normal or below normal weight (4.3 siblings).
Thus, there is a relationship between the number of offspring produced and BMI, particularly in women, but is there evidence to suggest that women are more likely to have a greater number of offspring because they are heavier? In the aforementioned study, Ellis and Haman collected self-reported data on BMI one year prior to pregnancy from the 5,986 mothers in their cohort and found a significant and positive correlation between BMI prior to pregnancy and the number of offspring (ρ = .11 with p ≤ 0.01). Although the effect appears modest, this study suggests that women with higher levels of adiposity are having more children than are individuals with a predisposition toward lower levels of adiposity. Jokela et al. (2007) conducted a prospective study of Finnish adolescents using BMI as a predictor of the number of children they would subsequently have after 21 years of follow-up. They found significant quadratic associations between adolescent BMI and number of offspring suggesting that, compared to those having normal adolescent BMI levels, underweight and overweight levels of adolescent BMI were associated with producing fewer offspring. This result appears to contradict the findings of Ellis and Haman, although they used adult BMI at one year prior to pregnancy as opposed to adolescent BMI to address the relationship between BMI and number of offspring. (Ellis et al.,2004) . Though Jokela et al. (2007) adjusted for adult BMI, it was assessed after any pregnancies considered during the 21 years of follow-up. They dismiss reproductive differentials as an unlikely force behind the obesity epidemic, but go on to make an interesting observation which may support Proposition B:
"The present results suggest that stabilizing selection may be acting on BMI, since the low and high ends of BMI are selected against in terms of reproductive success. On the other hand, individuals with a BMI about one-half standard deviations above the mean were estimated to have 2-3% more children than those with mean BMI. If this pattern were to hold over generations, genetic factors might be shifting the mean BMI of the populations about 2 units upwards in future generations, albeit only at a modest rate." (pp. 605) This mean BMI shifting may relate to BMI increases recently reported by the CDC National Center for Health Statistics (NCHS). They estimated that the average BMI among adult men and women in the United States have increased from about 25 in 1960 to 28 in 2002 (Ogden et al., 2004) .
Experimental Evidence
Ethical constraints prohibit the conduct of either human laboratory studies or clinical trials to directly investigate the validity of Proposition B in humans. By laboratory experiments and husbandry, selection practices for greater phenotypic weight among a wide variety of animals has been well developed and documented (Crawford, 1990; Barker, 1967) . Although the animals in these experiments may have phenotypic and genetic similarities to humans, the selection forces were controlled under experimental conditions and obviously cannot be directly translated to infer how selection would act on humans. These results do, however, strongly suggest that selection can affect biologically similar species and result in a population composed of individuals with increased weight.
Summary and Conclusions
Despite the implication by some studies that obesity might be detrimental to the potential for reproductive success other studies have indicated that the overall effect of mild-tomoderate obesity on fecundity may be positive. This is plausible because:
(1) obesity in women is associated with lower socioeconomic status (Lipowicz, 2003) , which has been linked to producing more offspring (Salihu et al., 2004) ; (2) women that are too lean suffer impaired fertility (Frisch, 1987) and (3) other, currently unknown, biological, social, or economic factors may drive a positive association between fecundity and a genetic predisposition to obesity.
Indeed, the larger family sizes associated with obesity along with evidence that genetics influence obesity outcomes, suggests that individuals carrying genes conducive to obesity are reproducing at a greater rate than noncarriers, thereby contributing to increasing rates of obesity in the US and Canada (Ellis et al., 2004) . The observational human studies mentioned above were not experiments conducted under controlled conditions and did not involve subjects randomized to either have children or to not have children. Thus, although the results of some studies examined are consistent with Proposition B (i.e., people with higher levels of adiposity are reproducing at a higher rate than are individuals with a predisposition toward lower levels of adiposity) they do not definitively establish the validity of this proposition.
ASSORTATIVE MATING AND FLOOR EFFECTS General Statement of the Putative Cause and Hypothesized Mechanisms of Action
Assortative mating refers to any departure from random mating. Positive assortative mating occurs when mates are phenotypically more similar than one would expect by chance alone, whereas negative assortative mating occurs when mates are phenotypically more dissimilar than one would expect by chance alone. The term "assortative mating" is often used synonymously with "positive assortative mating" as it is much more common, and herein this convention will be used.
The consequences of assortative mating are complex and dependent on the "genetic architecture" of a particular trait. Given that obesity is a complex polygenic trait, models of assortative mating are quite complex. A consequence of assortative mating is an increase in the frequency of homozygotes in a population at the expense of heterozygotes, with an overall effect of increasing the total phenotypic variance. In the case of assortative mating among obese individuals, the potential exists to increase the genetic predisposition to obesity among their offspring (genetic loading).
The propositions that would lead to the conclusion that assortative mating is contributing to increased obesity prevalence are:
(A) human adiposity levels have a genetic component; (B) the population median adiposity index is below the threshold for defining obesity; (C) humans engage in positive assortment for adiposity.
If, furthermore, there are "floor effects" such that there are countervailing forces that prevent a large portion of the population from becoming unusually thin, then the degree of positive skewness of the population distribution will increase and the mean level of adiposity will increase more dramatically. Note that it is not necessary for the degree of assortative mating to have increased over time for assortative mating to cause an increase in the prevalence of obesity over time. However, if an increase in assortative mating occurred, it might accelerate the increase in obesity levels.
Evidence that Human Adiposity Levels have a Genetic Component
There is good evidence that human obesity aggregates within families (Katzmarzyk et al., 1999) . Although there is still some disagreement as to the strength of the genetic effects on obesity, it is clear that human adiposity and a propensity towards weight gain is influenced by genes (Allison et al., 2003; Katzmarzyk et al., 2005) . Heritability estimates are generally higher from twin studies, intermediate with nuclear family data, and lowest from adoption studies. In general, the most probable estimates of the heritability of body fat in humans range from about 25-75% (Maes et al., 1997; Segal et al., 2002) . Obesity is a complex, multifactorial phenotype. As such, single gene mutations that are singly sufficient to cause human obesity are extremely rare. To date, only 176 cases of human obesity that are ostensibly due to mutations in 11 different genes have been reported (Rankinen et al., 2006) . Most genes involved in more common forms of obesity are viewed as "polygenes"-those which make a relatively small contribution and explain less than 5% of the phenotypic variance. More than 400 such sample associations have now been reported in the literature, with 22 genes supported by at least 5 studies (Rankinen et al., 2006) .
Evidence that Humans Engage in Positive Assortment for Adiposity
Assortative mating is most often assessed in human studies by bivariate correlations among spousal pairs (Spuhler, 1968) . However, spousal similarity may also result from factors other than assortative mating. For example, spousal similarities may result from shared environmental effects, the differential survival of marriages in which spouses are more alike than not, or the effects of inbreeding (mating of biologically related individuals). Within this context, inbreeding may be considered an extreme form of assortative mating, in which the probability of increasing the genetic predisposition to obesity in the offspring of two obese parents could be very high.
Spousal resemblance has been documented for many human traits and physical characteristics, including body weight (Spuhler, 1968) . One study that attempted to control for the effects of cohabitation to determine an assortative mating effect per se on body weight was that of Allison et al. (1996) . In that study, there was a significant (r = 0.13; p = 0.023) spousal correlation for relative weight, based on data collected before marriage and cohabitation. The results from an Australian study provided evidence for significant spousal similarities in BMI and triceps skinfold, and the magnitude of the correlations did not increase with the length of marriage duration (Knuiman et al.,1996) . These results were supported in a study of the Canadian population in which the spousal correlation for BMI was 0.17 (p < 0.05) in 1981 and 0.17 (p < 0.05) after 7 years of follow-up provides further support for an assortative mating effect as the spousal similarity did not increase after several additional years of cohabitation (Katzmarzyk et al., 1999) .
More recently, Jacobson and colleagues, in their examination of the possible effects of assortative mating on obesity prevalence, demonstrated that (a) spousal correlation for BMI was greatest for spousal pairs within the first 5 years of cohabitation and (b) spousal pairs with greater than 5 years of cohabitation exhibited a slightly lower correlation ( Fig. 4) (Jacobson et al., 2007) .
Overall, the age-adjusted spousal BMI correlation was 0.18 (95 percent confidence interval: 0.16, 0.20) in the study. Supporting the hypothesis that assortative mating is partially contributing to increasing obesity rates, the effect of parental obesity upon offspring BMI largely depended upon biologic relatedness with offspring of two obese biologic parents exhibiting greater odds of obesity as compared to offspring raised by two obese foster parents. Taken together, these results provide evidence of an assortative mating effect that cannot be explained by cohabitation or the differential survival of marriages among similar spouses. Hebebrand and colleagues demonstrated that approximately 35% of parental pairs of extremely obese German youths were themselves above the 9th decile of the distribution for BMI. Similarly, data from the Canadian population demonstrated that parental pairs of obese (BMI ≥95th percentile) youth tended to cluster in the top of the distribution of BMI, whereas parental pairs of lean children (BMI ≤5th percentile) tended to cluster in the bottom portion of the distribution of BMI (Katzmarzyk et al., 2002) . These results provide circumstantial evidence that assortative mating may be playing a role in the obesity epidemic, but further research is required to test this hypothesis. The impact of assortative mating on obesity rates could occur quite quickly. There is overwhelming evidence from animal work that mating strategies can change the distribution of body weight, even in one generation (Helmink et al., 2003) .
Given that assortative mating for body weight phenotypes theoretically should increase total phenotypic variability, increases in the prevalence of both underweight and obesity should be observed; however, this would not be absolutely essential. We are aware of only one study that has indicated any data describing changes in the prevalence of underweight (Cotoyannis et al., 2007) . In their examination and comparisons of changes in the distribution of BMI in Canada and England from 1994 -1995 , Contoyanniss and Wildman (2007 showed that both populations showed polarization over time towards both tails (thinness and obesity) of the weight distribution. There is some evidence to suggest that the entire distribution of BMI has shifted to the right over time in the United States (Flegal et al., 2000) , and given that the prevalence of those with a BMI <18 is only about 1.5% (Kuczmarski et al., 1997) , it would appear that the increases in the prevalence of obesity have not been paralleled by increases in the prevalence of underweight in the United States. However, given that we live in a society that is conducive to weight gain, the genes related to obesity are likely able to have greater penetrance than those related to leanness. There are clear floor effects on BMI in humans. In other words, there is a lower limit for BMI, under which life cannot be sustained. The lower limit of BMI compatible with human survival has been reported to be approximately 12 kg/m 2 (Henry et al., 1990; Henry et al., 1994) ; however, data collected during the 1992-93 famine in Somalia indicated that adult humans (aged 25-80 y) can survive with a BMI as low as 10 kg/m 2 , as long as specialized medical care is provided (Collins et al., 1995) . Nevertheless, the fact that there is a floor effect in BMI has likely accentuated the contribution of assortative mating to the obesity epidemic.
SLEEP DEBT AND OBESITY General Statement of the Putative Cause and Hypothesized Mechanisms of Action
An impressive and still growing number of studies have noted the concomitant increased incidence of obesity with decreased amount of sleep in the population over the last 40 years (Fig. 4) . The association is observed across groups spanning diverse ages and ethnicities and has spurred animal and human mechanistic studies. The following lines of evidence suggest that biological mediators of appetite and energy homeostasis may be affected by sleep duration.
Basic Science Evidence
Experimental Evidence in Animals
The most robust effect of sleep deprivation in rodents is an increase in food intake without a corresponding increase in body weight (reviewed in Rechtschaffen et al., 2002) . Weight loss is likely an effect of chronic and extensive sleep deprivation and/or the methods used to produce it. One exception to this pattern of weight loss was reported in a study of short-term sleep restriction in which rats had access to a carbohydrate-rich diet; following 72 hours of rapid eye movement (REM) sleep deprivation, rats gained weight (Bhanot et al., 1989) . Increases in food intake following sleep deprivation in rodents are so wellestablished and consistent that sleep researchers frequently use the hyperphagia to gauge sleep deprivation intensity.
There is emerging evidence that the effects of sleep deprivation on feeding may be related, in part, to changes in appetite and energy-regulating peptides, though the evidence is still slender and sometimes contradictory, Ghrelin is a gut-derived hormone released prior to feeding that stimulates hunger, feeding, and fat storage (van der Lely et al., 2004) . In rats deprived of sleep for 5 hours, plasma ghrelin levels and food intake were increased in comparison to nonsleep-deprived controls (Bodosi et al., 2004) . Leptin is another metabolic hormone that appears to be affected by sleep deprivation. It is secreted from adipose cells, attenuates food intake, and increases energy expenditure (Halaas et al., 1995) . Although leptin levels did not change significantly in the aforementioned 5-hour deprivation study in rats (Bodosi et al., 2004) , another study reported that leptin concentrations were significantly suppressed and feeding was increased after chronic sleep deprivation for 16 days (Everson and Crowley, 2004) . The varying results might have been due to the length of the sleep deprivation (5 hrs vs 16 days); although reductions in plasma leptin were evident after 1-4 days of sleep deprivation (Everson and Crowley, 2004) . Other peptides potentially involved in modulating the relationship between sleep deprivation and feeding include galanin and orexin. Galanin is a pituitary-secreted peptide known to stimulate food intake (Kyrkouli et al., 1986 ) and galanin mRNA is increased in brains of sleep-deprived rats (Lu et al., 2005) , including in the hypothalamus (Fujihara et al., 2003; Toppila et al., 1995) . The peptide orexin, synthesized in the lateral hypothalamus, stimulates food intake as well. In rodents, orexin levels are increased by sleep deprivation and decreased with recovery sleep (Pedrazzoli et al., 2004) . Taken together, these basic studies reveal a potential link between sleep deprivation and systems involved in feeding regulation; sleep deprivation is consistently associated with changes in levels of hormones and peptides that lead to increased feeding that are reversed by sleep.
Experimental Evidence in Humans
Sleep debt exerts profound effects on metabolic hormones. These changes favor not only increased food intake and energy storage, but also potentially the development of diabetes and heart disease (Gottlieb et al., 2005; Spiegel et al., 2005; Bjorvatn et al., 2007; Flint et al., 2007; Knutson et al., 2007; Trenell et al., 2007; Van Cauter et al., 2007) . Young men restricted to 4 hours of sleep a night for 6 days had a 40% decrease in the rate of glucose clearance and a 30% reduction in insulin response and glucose effectiveness, a measurement of the ability of glucose to mediate its own clearance independent of insulin . The same group reported preliminary data that less severe but more chronic sleep deprivation (i.e. 8 days with 5 hrs in bed or 2 weeks with sleep restricted by 1.5 hrs) produced similar effects on glucose and insulin parameters . Hence, a diabetic-like glucose/insulin profile, which is known to increase adiposity and weight gain , is one mechanism by which sleep debt may be linked to obesity. This potential relationship is supported by the growing number of correlational studies showing significant associations between diabetes and reduced sleep (Gottlieb et al., 2005; Spiegel et al., 2005; Flint et al., 2007; Trenell et al., 2007) .
Similar to rodent studies, experiments utilizing human subjects suggest that leptin may be a signal linking sleep debt to obesity. In young men sleep restricted to 4 hrs in bed for two consecutive nights, plasma leptin levels were decreased 18% in comparison to those observed when these same men were allowed 10 hours in bed on two consecutive nights (Spiegel et al., 2004b) . Moreover, ratings of hunger and overall appetite for various food categories were increased 24% and 23%, respectively. Appetite for energy-dense, high-carbohydrate foods showed the greatest increase (Spiegel et al., 2004b) . Another study found 5 hours of habitual sleep to be associated with 15.5% lower leptin levels in comparison to those habitually getting 8 hours of sleep (Taheri et al., 2004) . Moreover, a dampened diurnal rhythm of leptin effect was also described in a study involving 10 male subjects who were sleep deprived for 88 hours (Mullington et al., 2003) . As an adipose-secreted hormone, leptin not only decreases appetite and increases energy expenditure (Jeanrenaud and Rohner-Jeanrenaud, 2001) , it is also affected by sleep time. Plasma leptin levels reach a maximum level midway through a normal nocturnal sleep period (Simon et al., 1998) . Lower levels of plasma leptin related to sleep loss thus, might contribute to increased appetite. During partial sleep deprivation, thyroid stimulating hormone levels and the duration of its secretion have also been found to be blunted even when energy intake and activity levels were held constant (Spiegel et al., 2004a; Knutson et al., 2007) . These changes in insulin, leptin, and thyroid stimulating hormone secretion thus could promote obesity by increasing appetite and decreasing energy utilization. Not all of the studies assessed hunger but of those that have, increased hunger accompanies the changes (Abraham et al., 1982) .
Changes in ghrelin secretion appear to be another mechanism by which sleep debt may cause weight gain. In the aforementioned study in which young men were sleep restricted for two consecutive nights, sleep restriction was also associated with a 28% increase in plasma ghrelin levels (in 9 of the subjects tested) in comparison to the two consecutive nights with 10 hrs in bed (Spiegel et al., 2004b) . As previously mentioned, these young men also showed increased appetite ratings thus, the increases in plasma ghrelin and concomitant decreases in plasma leptin, may have contributed to the reported increased appetite ratings (Spiegel et al., 2004b) . Finally, Taheri et al. (2004) found 5 hours of habitual sleep to be associated with 14.9% higher ghrelin levels than those in persons habitually getting 8 hours of sleep. Hence, abnormal increases in this hormone due to sleep debt could reasonably translate into greater appetite, food intake, and an increased risk of obesity.
Another explanation proposed to explain the association between sleep debt and obesity relates to general motor activity. It has been suggested that sleep debt causes tiredness, tiredness decreases activity, and decreased activity contributes to weight gain (Taheri, 2007) . It appears, however, that the link between sleep debt and obesity may be independent of physical activity. In a sample of 7641 participants of the Finnish 2000 Health Examination Survey, controlling for the level of physical activity did not affect the significant association between sleep duration and obesity (Fogelholm et al., 2007) . Moreover, a recent study reported that women that reported being short sleepers were more likely to have gained weight than those that self-reported to be longer sleepers, independent of levels of physical activity (Patel et al., 2006) .
Sleep apnea and other sleep disorders of breathing produce sleep time restriction and have also been linked to increased occurrence of hypertension, insulin resistance, and recently to increased plasma neuropeptide Y levels, an appetite-stimulating peptide, all independently of body weight (Tasali and Van Cauter, 2002; Barcelo et al., 2004 ) . A significant percent of the obese population suffers from sleep apnea (Young et al., 1993) . This is disconcerting in that risks to endocrine health caused by sleep breathing disorders threaten to exacerbate already compromised metabolic regulation and control of normal body weight in this population.
It should be noted that despite studies linking mortality risk with decreased sleep time; less than 6 or 7 hrs a night has been associated with higher mortalilty rates (Heslop et al., 2002; Kripke et al., 2002) . Research also indicates a relationship between mildly decreased sleep (generally to 6-7 hours/day) and lower mortality rates (see Alvarez and Ayas, 2004; Youngstedt and Kripke, 2004 for reviews) . Several studies suggest a relationship between increased mortality risk and either too little or too much sleep (NSF, 2008; Hasler et al., 2004; Youngstedt and Kripke, 2004) . It may be significant that the U-shaped function of BMI vs hours of sleep per night (Taheri et al., 2004) mirrors that between mortality risk vs hours of sleep per night (Kripke et al., 2002) . How sleep duration might affect morbidity among the nonobese population remains unclear; however, the extent to which time taken away from sleeping is being spent in illness-provoking or health-risking activities should also be taken into account. Furthermore, the contribution of sleep quality vs quantity also needs to be considered by controlling for sleep disturbances to more accurately assess an association between sleep and BMI. Lastly, genetic markers may be associated with increased propensity to gain weight with decreased sleep. Although insomnia is a very different phenomenon from sleep deprivation, it is interesting to note the one study that has linked genetic contributions of insomnia, sleepiness, and obe-sity. Watson et al. (2006) explored genetic contributions of sleep disturbances in over 1800 twin pairs and found that 10% of common additive gene effects accounted for 10% of the phenotypic association between obesity and insomnia (p < 0.01). Similar gene model fitting studies are needed to assess the genetic contribution of reduced sleep to BMI.
Ecological Evidence
A Trend of Decreased Sleep Time in the Current Population
Epidemiological research studies as well as wide-scale polling by the National Sleep Foundation (NSF) suggest that American adolescents and adults are chronically sleep deprived (Bonnet and Arand, 1995; Broman et al., 1996; NSF, 2008; Wolfson and Carskadon, 1998; Spiegel et al., 1999) . Before World War I, Americans were averaging 8.7 to 9 hours of sleep a night (Terman and Hocking, 1913; Tune, 1968) . About 30 years ago, a decrease to 7.68 hours was reported (Bliwise, 1996) ; in over 1000 adults surveyed, 74.4% reported sleeping less than 8 hours a night (Taheri et al., 2004 ) (see Fig. 5 ). Most recently, in the NSF 2008 sleep poll, adults reported sleeping on average 6 hours and 40 minutes per weeknight (NSF, 2008); 44% of adults reported sleeping less than 7 hours a night. The NSF survey also reported that individuals that self-reported to be short sleepers (less than 6 hours a night on workdays) were significantly more likely to be obese than those that self-reported to be normal or long sleepers (8 hours or more on workdays); 41% vs 28% respectively (NSF, 2008) . Causes attributed to the increasing sleep debt include insomnia, stress, social pressures, desire to get more work accomplished, night-shift work, medications used to treat colds, allergies, pain, and cardiovascular problems, and modern-living habits such as late-night TV viewing and use of the internet (Bonnet and Arand, 1995; Broman et al., 1996; Spiegel et al., 1999; NSF, 2008; FDA, 2002) . Children have later bedtimes but their morning waking time has stayed constant, a trend that some authors attribute to more liberal parental attitudes (Iglowstein et al., 2003) . Increased TV viewing, especially at bedtime, is also thought to contribute to decreased quality of sleep in children (Owens et al., 1999) .
Epidemiologic Evidence
Studies supporting an association between decreased sleep duration and increasing BMI are numerous enough to have produced several published reviews on the topic (Spiegel et al., 2005; Taheri, 2006; Knutson et al., 2007; Trenell et al., 2007; Van Cauter et al., 2007) . While assessing the relative risk of diabetes among 70,076 female nurses over a decade (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) , Ayas et al. found that whereas diabetes was associated with both short (5 or less hours/day) and long sleep duration (9 or more hours/day), BMI was associated with the increased incidence among the short-sleepers only (Ayas et al., 2003) . In a study Figure 5 The relationship between fewer hours of sleep per day (sleep debt) and the incidence of obesity from 1960 to the present. As average daily sleep times have decreased, the incidence of obese adults has increased. Data points adapted from (Terman et al., 1913; McGhie et al.,. 1962; Hammond, 1964; Tune, 1968; Tune, 1969; Palmer et al., 1980; Hicks et al., 2001; Punjabi et al., 2003); National Sleep Foundation Polls 1995; and CDC Polls 1962; 1974; 1994; of over 900 mostly overweight patients (mean BMI of 30), increasing BMI was found to be associated with decreased hours of self-reported sleep per day (Vorona et al., 2005) . Singh and colleagues reported that in 3158 individuals, those who slept 6 or fewer hours were at highest odds of being obese. In that study, more than twice the number of African Americans than Caucasians (18.7% vs 7.4%) reported habitually sleeping 5 hours or less a night (Singh et al., 2005) . It is noteworthy that in this study African Americans had substantially higher obesity rates than did European Americans. The possibility that differences in sleep duration can contribute to the higher incidence of obesity amoung minority populations is supported by a recent finding by Hale and Do (2007) . In this study of over 32,000 adults in the United States, the investigators found a higher risk of short (<6) and of long (>9) sleep hours, both extremes attributed to increased rate of health problems, in black vs white respondents.
Longitudinal studies also support the association between sleep debt and obesity. In a recent study, 68,000 nurses in the United States were followed over a 16 year period and those sleeping 5 and 6 hours a night gained significantly more weight than did those getting 7 to 9 hours of sleep per night (Patel et al., 2006) . Results from 18,000 adults aged 32-59 years participating in NHANES I revealed that those sleeping less than 4 hours, 5 hours, and 6 hours a night were at a 73%, 50%, and 23% greater risk of being obese, respectively (Gangwisch and Heymsfield, 2004) . A third longitudinal study followed 496 American adults over 13 years; the participants were tested four times between the ages of 27 and 40 years, and the results revealed a negative relation between sleep duration and both prevalence of obesity and BMI (Hasler et al., 2004) . A fourth longitudinal sleep diary study of 1024 30-60 year-olds in the United States found a Ushaped relationship between average nightly sleep (6-9 hours) and BMI, with the lowest BMI corresponding to about 7.6 hours of sleep per night. In those sleeping less than 8 hours (74.4%), increases in BMI were significantly associated with decreased sleep time (Taheri et al., 2004) .
Evidence from abroad includes a study of 1469 women in France where short sleep duration was associated with greater BMI (Cournot et al., 2004) . Among 1772 adults and adolescents in Spain, those sleeping 9 or more hours had a lower incidence of obesity than did those sleeping 6 or less hours (Vioque et al., 2000) . In over 3000 Scottish men and women, decreased sleep (<7 hours) was associated with increased BMI over a 4-7 year period (Heslop et al., 2002) . A study interviewing 8091 older (55-101 years) adults from seven European countries found underweight to be common among the 5% sleeping the most (9 or more hours/day) and overweight or obesity to be common among the 5% sleeping the least (5 or more hours/day) (Ohayon, 2004) . Among 4878 Brazilian truck drivers, those with the greatest BMI also reported the least sleep .
Sleep debt may have the most potent and adverse effects on body weight in children and adolescents (Taheri, 2006) . Childhood and adolescent overweight and obesity also increased substantially in prevalence between the 1960s and the 21st Century (NCHS, 2004; Ogden et al., 2008) and in a prospective study of 150 children in the United States from birth to 9.5 years of age, decreased hours of sleep at ages 3 and 4 years was a risk factor for overweight when surveyed at 9.5 years (Agras et al., 2004) . Shortened sleep duration was related to obesity in 1031 French 5-year-olds (Locard et al., 1992) . Among 6862 Bavarian 5-6 year-olds, less sleep was also related to increased BMI and body fat mass (von Kries et al., 2002) . In 8170 Japanese children tested at 3 and then 6 years of age, short sleep duration was associated with overweight (Sugimori et al., 2004 ). An earlier study of 8274 Japanese 6-7 year-olds also found a strong "doseresponse" relationship between short sleeping (<10 hours) and obesity (Sekine et al., 2002) . Similarly, a 24-hour test among 383 multi-ethnic male and female adolescents in Texas aged 11-16 years revealed that obese adolescents had less sleep than the non-obese adolescents; for each less hour of sleep, the odds of obesity increased by 80% (Gupta, 2002) . The significant relationship between increased TV viewing time and weight-gain in children (Andersen et al., 1998) may be due to decreased activity as well as possible sleep disruption (Owens et al., 1999) . A sobering finding is that obesity in 7-year-olds could be predicted by decreased sleep as early as the age of 30 months (Reilly et al., 2005) . Given that 50% of children in North America and 38% in Europe are projected to be overweight or obese by the year 2010 (Wang and Lobstein, 2006) , the possible influence of sleep debt in children, including toddlers, cannot be ignored.
Summary and Conclusions
Public education of the benefits of sleep is currently targeted at preventing the dangers of automobile and on-the-job accidents as well as increasing performance in schools and the work place. The data reviewed suggest that sleep education might also impact the rising incidence of obesity. Increased sleep may also be promising as an antiobesity treatment; to address this, clinical trials are currently recruiting participants (NIDDK, 2007) . Although not as imminent a threat as drowsy driving, obesity will exact a greater toll on human life as the second highest preventable cause of death.
ENDOCRINE DISRUPTERS AND OBESITY General Statement of the Putative Cause and Hypothesized Mechanisms of Action
Endocrine disrupting chemicals (EDCs), such as the flame retardant polybrominated diphenyl ether (PBDE), and the plasticizer bisphenol A (BPA), are very stable in the environment and many have been steadily increasing in levels in humans. PBDE, BPA, and other EDCs exposure have been implicated as contributing to obesity in both humans and model animals, possibly by interfering with estrogen and androgen signaling.
While adult exposure to EDCs has various dangerous consequences, mammalian embryos are also a primary concern because of their extreme sensitivity to perturbation by endocrine-like activities. Mammalian embryonic development involves fetal epigenetic programming in that hormonal signals during fetal development control not only the timing of gene expression but set the activity of genes and thus the functioning of organs and homeostatic systems for the remainder of life (Newbold et al., 2004) . For example, disruption of the activity of estrogen and testosterone signaling by EDCs during fetal development can lead to permanent changes in reproductive organ development, which can later in life impair homeostatic systems, such as the regulation of body fat and weight.
BPA is used to make plastic harder and is nearly ubiquitous in industrialized societies. BPA is also used to line cans, milk cartons, and other metal and paper-board containers commonly used to package foods and beverages. BPA may leach out of plastic storage containers to contaminate foods, beverages, and drinking water. BPA content is greatest in clear, polycarbonate plastics, which were previously thought to be safe. It has been detectable in serum of pregnant women and cord serum taken at birth; is 5-fold higher in amniotic fluid at 15-18 weeks gestation, compared with maternal serum; and has been found in concentrations of up to 100 ng/g in placenta. Thus the human population is widely exposed to BPA and it appears to accumulate in the fetus.
Other chemicals known as human endocrine disruptors include heavy metals, solvents, organophosphates, phthalates, dioxins (example 1, 2, 3, 4, 6, 7, 8-heptachloro dibenzop-dioxin), pesticides, and butyltins (example tri and/or tetra butyltins). Numerous pesticides have been reported to affect hormone synthesis and/or metabolism. There is particular concern about endocrine disrupting pesticides that are lipophilic, resistant to metabolism, and able to bioconcentrate up the food chain. This is because these substances become stored in body fats and can be transferred to the developing offspring via the placenta or via the egg. These include tributyltin (TBT) containing pesticides, DDT, atrazine, and several organochlorine pesticides. (see Table 1 )
Basic Science Evidence
In Vitro Evidence
The hormonal activity of endocrine disruptors is thought to occur through a variety of mechanisms (Fig. 6) . The most commonly proposed mechanism is by direct binding to nuclear receptors (NRs), such as the estrogen receptor (ER), (Fig. 6 , mechanism 1). The human genome contains at least 48 nuclear receptor family members, but the endogenous ligands are known only for a few of them (Chawla et al., 2001) . Nishikawa's laboratory developed a high-throughput assay to identify ligands for NRs (Kanayama et al., 2005) . They found that the organontin endocrine disruptors, which are used as agricultural fungicides, rodent repellents, molluscicides, and in antifouling paints for ships and fishing nets, are high affinity agonist for two NR family members, PPARγ , and the retinoic acid X receptor (RXR) (Kanayama et al., 2005) . Of possible relevance to their proposed contribution to the obesity epidemic is the fact that, like other PPARγ agonists, they efficiently promote adipocyte differentiation from pre-adipocytes (Kanayama et al., 2005) . A second proposed mechanism for endocrine disruptor function is as NR antagonists (Fig. 6, mechanism 2 ). For example, vinclozolin, a dicarboximide fungicide that is used on fruits, vegetables, ornamental plants, and turf grass, are known to act as androgen receptor antagonists (Sohoni et al., 1998) . Also, Sohoni and Sumpter have shown that several endocrine disruptors that function as environmental estrogens, such as DDT, bisphenol A, and butyl benzyl phthalate, are also anti-androgens (Sohoni et al., 1998) . Endocrine disruptors have also been proposed to function indirectly by inhibiting aromatases, such as the P450 family members CYP19 and CYP3A1, which, among their many functions, convert testosterone to estradiol (Fig. 6, mechanism 3 ). For example, Woodhouse and Cooke have recently shown that PCBs 28 and 105 and aroclor 1221 suppress the activity of CYP19 in an in vitro biochemical assay (Woodhouse et al., 2004) . Finally, endocrine disruptors can disrupt hormone levels by activating the expression of the P450 enzymes (Fig. 6, mechanism 4 ). For example, Mikamo et al. (2003) have shown that 7 of 54 tested endocrine disruptors, including methoxychlor and benzophenone, interacted with PXR, and induced CYP3A mRNA in the male rat liver. In addition to the four proposed mechanisms of endocrine disruptor function in Fig. 5 , endocrine disruptors have also been shown to disrupt proper neuronal synapse formation (Shinomiya et al., 2003) , which could potentially affect the release of brain-produced hormones that bind to nuclear receptors.
Animal Evidence
Exposure of the prepubertal mouse to a range of BPA doses induces a U-shaped curve for the endpoints of age of a Some of the observations entering into the calculations are not independent (i.e., they may be from the same subjects measured at multiple points in time). This was not taken into account in calculation of the standard errors. The Ns shown are total number of means and number of independent cohorts the means came from. The number of means will always be greater than or equal to the number of independent means, because some cohorts may have been measured at multiple points in time. However, the number of independent means can exceed the number of trials, because some trials contained more than one independent cohort. For example, six trials provided data on ziprasidone, but because the data for men and women were provided separately and several different dose conditions were used with multiple groups, the six trials yield 22 independent cohorts. b Estimated from the fixed effects fitted regression (see text).
Figure 6
Four proposed mechanisms for endocrine disruptor function. ER, estrogen receptor; E2, estradiol; T, testosterone, P450s, cytochrome P450 aromatases which convert testosterone to estradiol; ED, endocrine disruptors; NR, nuclear receptors; 1-4, four possible mechanisms for endocrine disruptor function. Mechanism 1 corresponds to enhanced gene transcription by estradiol via endocrine disruptors; mechanism 2 to supressed transcription by estradiol via endocrine disruptors, mechanism 3 to suppresion of conversion of testosterone to estradiol by endocrine disruptors, and mechanism 4 to the enhancement of testosterone to estradiol by endocrine disruptors.
vaginal opening and uterine weight, two parameters that are the hallmarks of estrogen action, such that a more apparent effect is observed in the lower and higher doses relative to the medium range doses (EPA, 1998) . In animal studies, Newbold and others have shown that high-dose diethylstilbestrol (DES) exposures during pregnancy produce small to normal-size offspring that tend to stay small as adults, whereas low-dose exposures produce normal-size offspring that tend to fatten as they age (Mead, 2004) . While disruption of normal hormonal regulation can contribute to obesity through myriad mechanisms, perhaps the most dramatic evidence for the role of the endocrine system in regulating adipose development is the effect of estrogen on white adipose tissue (WAT) regulation. In rodent models, ovariectomy increases WAT, and estrogen replacement therapy (ERT) decreases WAT (Wade et al., 1985) . Similarly, postmenopausal women have increased WAT and ERT restores WAT to lower levels (Tchernof et al., 1998) . The estrogen receptor-α knock out (αERKO) mouse model further argues for the role of estrogen in regulating WAT (Heine et al., 2000) . Both αERKO male and female mice develop insulin resistance and impaired glucose tolerance (Heine et al., 2000) . While there was no difference in brown adipose tissue (BAT) weight in αERKO mice of all ages, WAT increased with advancing age in male αERKO mice (Heine et al., 2000) . Surprisingly, the increase in WAT involves reduced energy expenditure rather than increased energy intake (Heine et al., 2000) .
Ecological Correlation Evidence
Evidence of Increase in Endocrine Disruptors over the Last Few Decades
Wittassek et al. (2007) showed that 98% of the urine samples metabolites of all phthalates were detectable in a German sample indicating a ubiquitous exposure throughout the last 20 years. It has been estimated that annually, on average, as much as 60 kilograms of PCDDs are produced in Canadian forest fires alone. By some estimates, this is approximately 10 times more than the amount formed in the 1976 Seveso Italy incident (Woodford et al., 1994) . In a report by Charles Benbrook, an estimate of 50 million pounds increase in pesticides (herbicides and insecticides) use had been recorded in accordance with the 550 million acres of genetically manufactured corn, soybeans, and cotton planted in the US since 1996 (Benbrook, 2003) . More than 6 billion pounds were put into products in 2004 alone. BPA is also a high production volume chemical, with more than 2 million metric tons produced world wide each year alone. Not surprisingly, the U.S. Centers for Disease Control and Prevention found BPA in the urine of over 95% of nearly 400 U.S. adults and children tested.
Epidemological Evidence of a Correlation between Endocrine Disruptors and Obesity
The escalation in obesity over the past few decades parallels the increase in concentration of several endocrine disruptors in the food chain (Nilsson, 2000) . For example, the concentration of PBDE in the milk of Swedish women from 1972 to 1998 has almost doubled every five years (Noren et al., 2000) . However, the rise in obesity in Sweden came quite late as compared to the rest of the world and really jumped from about 1990 to (Neovius et al., 2006 . In the United States, the obesity rate among adults (30.6% in 2002) is the highest among all OECD countries, followed by Mexico (24.2% in 2000) and the United Kingdom (23% in 2003) . Obesity rates in Continental European countries are lower, but are also rising.
There is also epidemiological and experimental evidence that industrial chemicals might cause an increase in obesity rates. Recently, a great deal of attention and interest has been directed toward the hypothesis that exposure to certain environmental chemicals might be capable of causing a spectrum of adverse effects as a result of endocrine modulation. Phthalates are known antiandrogens in experimental animal models. More than 75% of the U.S. population has measurable levels of phthalate metabolite in the urine (Silva et al., 2004) . Stahlhut and colleagues (2007) found that the concentrations of several phthalate metabolites among NHANES populations to be positively and significantly correlated to abdominal obesity in adult U.S. males. Herman-Giddens and colleagues (1997) analyzed data rating stages of sexual maturation in 17,077 girls ages 3 through 12 in the U.S. and found that girls appear to be maturing more rapidly, a trend attributed to increasing obesity, changes in the relationship between father and growing daughter, and environmental toxins. Furthermore, olestra, which is a dietary fat substitute, decreased Arochlor 1254 contamination as well as facilitated weight loss in an obese diabetic male (Redgrave et al., 2005) . Additional studies predict that some chemicals "obesogens" may improperly regulate lipid metabolism and adipogenesis hence promoting obesity (Tabb et al., 2007) .
PHARMACEUTICAL IATROGENESIS AND OBESITY General Statement of the Putative Cause and Hypothesized Mechanisms of Action
Weight gain is associated with several commonly used medications, including psychotropic medications, antidiabetics, antihypertensives, steroid hormones and contraceptives, antihistamines, and protease inhibitors. The deleterious effects of druginduced weight gain include increased risks for developing type II diabetes, hypertension, hyperlipidemia, and poor medication compliance. Although it is difficult to estimate the full impact of drug-induced weight gain, the recognition that some of the most widely prescribed classes of drugs can cause significant weight gain supports the hypothesis that drug-induced weight gain is contributing to the obesity epidemic.
Basic Science Evidence
In Vitro Evidence
There are data showing that pharmaceutical agents such as olanzapine can induce adipogenesis (Vestri et al., 2007; Yang et al., 2007; Minet-Ringuet et al., 2007) .
Animal Evidence
Animal studies have proven to be unreliable predictors of weight gain in humans. Although increased weight gain has been described, paradoxical weight loss has also been observed with some drugs known to be associated with the greatest weight gain in humans. This may reflect the well-known differences in metabolic and neuroendocrine pathways regulating appetite and energy metabolism between humans and rodents. For example, chlomipramine, an antidepressant known to be associated with weight gain and increased food intake in humans, decreases food intake in animals (Calegari et al., 2007) . Paroxetine, however, a serotonin reuptake inhibitor associated with weight gain in humans, causes weight loss and reduced food intake in animals (Konkle et al., 2003) . The antipsychotics clozapine and olanzipine are well-known to cause hyperphagia and weight gain in humans. In animals, some studies (Cope et al., 2005) have shown similarity to humans (Cope et al., 2005 , Minet-Ringuet et al., 2006 , but in other cases there are significant differences . These differences may be due to animal species and sex, dietary composition, and route of administration of the drugs.
Ecological Correlation Evidence
Increase in the Use of Weight Gain Inducing Pharmaceuticals
Data from NHANES demonstrate that the use of psychotropic medications among US adults has increased since 1988-1994, specifically, the use of antidepressants (see Fig. 7 ). The use of any psychotropic increased from 6.1% to 11.1% of the population between the third NHANES from -1994 and NHANES 1999 . The age-adjusted prevalence of antidepressant use increased from 2.5% to 8.1%, more than a three-fold increase. The use of antipsychotics increased slightly from 0.8% to 1.0% of the population, but the use of newer atypical antipsychotics associated with weight gain increased as they became available during that time period (see Fig. 8 ). Moreover, among children, antipsychotic use seems to have increased substantially (Olfson et al., 2006) . Thus, it can be conservatively estimated from the population of the United States that more than 20 million Americans were taking antidepressants, with 2.5 million taking antipsychotics during NHANES 1999 (Paulose-Ram et al., 2007 . Office-based visits documenting the use of antidepressant pharmacotherapy for any purpose escalated from 16,534,268 in 1990 to 40,925,824 in 1998, a 147 .5% increase, according to data from the US National Ambulatory Medical Care Survey for the time period of 1990 through 1998. Significant increases between time periods for antidepressant use were seen for all ages, gender, and race-ethnic groups (Skaer et al., 2000) . More recent marketing data for the period 2002-2007 shows an increase in total antidepressant prescriptions from 200 million to 234 million, whereas new prescriptions increased from 83.5 to 97.5 million. Total prescriptions for antipsychotics increased over the same period from 33.6 to 47.2 million.
The use of hypertension medications has, like the psychotropics, been on the rise. For example, more than 65 million Americans have hypertension and the prevalence is increasing (Fields et al., 2004) . Between 1988 Between -1994 Between and 1999 Between -2002 , antihypertensive medication use among hypertensive adults increased significantly from 57.3% to 62.9%. Antihypertensive medication use increased for men (47.5% vs 57.9%), non-Hispanic whites (58.8% vs 64.5%), non-Hispanic blacks (56.6% vs 65.2%), and persons with hypertension aged ≥70 years (65.3% vs 70.7%). The use of beta-blockers, known to be associated with weight gain, increased from 27.4% to 29.8% in treated hypertensives over the same period of time according to NHANES data (Gu et al., 2006) . Thus, approximately 12 million Americans were being treated with beta-blockers in the early part of this decade.
Finally, according to the Centers for Disease Control and Prevention, 14.6 million Americans have been diagnosed with Type 2 diabetes, and many treatments for Type 2 diabetes cause weight gain that goes beyond restoration of normal body composition in a person with diabetes. US marketing data show that prescriptions for antidiabetic agents increased from 23.3 million to 26.8 million between 2002 and 2006. Furthermore, prescriptions for thiazolidinediones, a class with a propensity to weight gain, increased from 7.8 million in 2002 to 12.6 million in 2006. Similar trends were described throughout worldwide markets over the same period of time. In Asia, prescriptions for antidiabetics increased from 85.4 million to 101.9 million between 2002 and 2007. Prescriptions for thiazolidinediones increased from 5.7 million to 19.3 million over the same period.
In each case-psychotropics, antihypertensives, and antidiabetics-the absolute weight gain of individuals may be small, but the increasing prevalence of the disorders magnifies the impact of the drug-induced weight gain on population-wide obesity rates. Allison et al. (1999) reviewed and compared the effects of a broad range of antipsychotic agents on body weight (Table 3) . This meta-analysis of 81 reports estimated the weight change after 10 weeks of treatment at the standard dose for each agent. Compared with placebo treatment, which was associated with a mean weight reduction of 0.74 kg (1.64 lb), the mean weight changes with conventional antipsychotic agents ranged from a loss of 0.39 kg (0.89 lb) (molindone) to a gain of 3.19 kg (7.08 llb) (thioridazine/mesoridazine). Among the newer agents, clozapine produced the greatest weight increase and ziprasidone produced the least increase. Quetiapine was not included in the analysis because of limited data; however, a later report noted that 25% of patients gained at least 7% of their initial body weight (Kurzthaler and Fleischhacker, 2001) .
Epidemiologic Evidence
Pairwise comparisons among all of the antipsychotic agents indicated statistically significant differences among the drugs (Allison et al., 1999) . The key point is that with the exception of ziprasidone, all of the newer agents were associated with significantly greater weight gain than was placebo after just 10 weeks of therapy. There is marked variation in the reported weight gain associated with long-term use of these atyp-ical antipsychotic agents, ranging from virtually zero gain with ziprasidone to an average gain of 12 kg (27 lb) after 1 year of treatment with olanzapine (Allison et al., 1999) . Risperidone produced less weight gain than did sertindole, olanzapine, or clozapine.
An epidemiologic survey of patients with bipolar disorder demonstrated that BMI and weight were each correlated with the number of weight gain-associated psychotropics to which patients had been exposed (McElroy et al., 2002) . Fifty-eight percent of the patients with bipolar disorder were overweight, 21% were obese, and 5% were extremely obese, but it was difficult to distinguish an increase in prevalence because of the international nature of the survey.
Experimental Evidence from Humans
Weight gain induced by tricylic antidepressants has been recognized for many years, and amitryptyline in particular may be associated with the greatest weight gain. Massand (2000) and Leslie et al. (2007) evaluated the relative risk of weight gain associated with drugs within the major classes of antidepressant medications. The antidepressants vary considerably with respect to their long-term weight-gain potential. Several reports suggested that weight gain with tricylic antidepressants ranged from 0.57 kg (1.27 lb) to nearly 1.4 kg (3.1 lb) per month of treatment. Specific tricyclics that have been associated with weight gain include nortriptyline (Weber et al., 2000) , doxepin (Feighner et al., 1986) , and amitriptyline (Montgomery et al., 1998) . Within the class of selective serotonin reuptake inhibitors (SSRIs), paroxetine appears to be more likely to cause weight gain than other agents (Sussman et al., 2001) .
Weight changes in patients undergoing treatment for depression are complicated by several factors. First, weight gain can represent an improvement in those who may have lost weight as a result of their depression. Second, ongoing weight gain may be a residual symptoms of depression. Last, it can be a side effect of treatment (Aronne and Segal, 2003) . This last possibility may be most likely when substantial weight gain occurs during the acute phase of treatment or when it continues following complete remission of depressive symptoms. Weight gain associated 
with use of antidepresssant medications is an important source of treatment noncompliance and may also contribute to the increased health risks associated with overweight and obesity. The relative risk for weight gain associated with antidepressant therapy has been reviewed by Fava (2000) . That analysis suggests that tricyclic antidepressants and monammine oxidase inhibitors are more likely to cause weight gain than are the SSRIs or some of the newer antidepressants. However, data on SSRIs are confounded by the fact that in some patients weight is lost initially, only to be regained, with steady weight gain over the long term (Aronne and Segal, 2003) . The atypical antidepressants buproprion and nefazodone appear to cause less weight gain in the long term. Nefazodone is reportedly weight neutral (Sussman et al., 2001) , and bupropion may be associated with weight loss (Croft et al., 2002) . Fava et al. (2000) reported that more patients treated with paroxetine than with either fluoxetine or sertraline gained at least 7% of their baseline weight during 26 to 32 weeks of treatment. Sussman et al. (2001) noted that published data on newer antidepressants and treatment-emergent changes in weight are somewhat limited and that many reports of unexpected weight gain with SSRIs were anecdotal or from small uncontrolled trials. These investigators conducted a retrospective analysis of data from trials comparing nefazodone with various SSRIs and with the tricyclic antidepressant imipramine. Medications were considered to cause clinically significant weight change if the patients gained or lost at least 7% of their baseline weight. Acute effects were assessed after 6 or 8 weeks of treatment. Longterm effects of treatment were evaluated from 16 to 46 weeks. SSRIs were associated with greater initial weight loss than nefazodone during acute treatment: 4.3% of SSRI-treated patients lost weight compared with 1.7% of nefazodone-treated patients (p = .017) (Sussman et al., 2001) . In contrast, during longterm treatment, 17.9% of SSRI-treated patients gained weight compared with 8.3% of nefazodone-treated patients (p = .003). Imipramine produced greater weight gain than did nefazodone during both the acute treatment phase (4.9% vs 0.9%, respectively; p = .027) and long-term treatment (24.5% vs 9.5%, respectively).
Lithium has been widely used since 1970 for treating bipolar disorder despite a number of side effects, a narrow therapeutic window, and limited effectiveness in some patients. Weight gain is a common side effect of lithium therapy, occurring in onethird to two-thirds of patients (Garland et al., 1988; Baptista et al., 1995) . The weight gain associated with the use of lithium can range from 4 kg (8.8 lbs) within 1 to 2 years to 4.5 to 15.6 kg (10.0 to 34. 6 lb) over 2 years (Coxhead et al., 1992; Baptista et al., 1995) .
Although better tolerated than the older antipsychotic agents because of the lack of extrapyridimal side effects, many of the new atypical antipsychotic agents have weight gain as a common side effect (Allison and Casey, 2001) . This weight gain is of clinical concern because it impedes patient compliance and has deleterious health consequences (Allison and Casey, 2001; Kurzthaler and Fleischhacker, 2001) . The differential effect of atypical antipsychotics on histamine (H 1 ) receptors, anticholinergic effects, and serotonin 5-HT 2C antagonistic effects may explain differences in weight gain among the drugs. Moreover, the prevalence of overweight and obesity in patients with schizophrenia, without regard to therapy, may be compared to that of the nonschizophrenic population, whereas the complications of obesity (i.e., diabetes, dyslipidemias, and hypertension) may be underdiagnosed and undertreated in these patients (Allison and Casey, 2001) . Recent studies document the risks of obesity: Henderson and colleagues demonstrated that weight gain associated with clozapine treatment continued for as long as 46 months was accompanied by a significant increase in triglyceride levels and a 37% increase in the incidence of Type 2 diabetes over the 5-year period of observation (Henderson et al., 2000) . Allison and Casey (2001) noted the effects of switching patients from olanzapine to ziprasidone: patients lost weight when switched to ziprasidone, and this weight loss was associated with improvements in their serum lipid profile and glucose tolerance.
Antidiabetic medications such as sulfonylureas, thiazolidinediones, and insulin can cause significant weight gain. In the United Kingdom Prospective Diabetes Study, weight gain of 10 kg was seen in obese diet-failure subjects randomly assigned to insulin, compared with a weight gain of 5.3 kg with sulfonylureas and a weight loss of 1.3 kg with metformin (U.K. Prospective Diabetes Study Group, 1998) . Studies comparing sulfonylureas to placebo (Simonson et al., 1997) or another hypoglycemic agent (Segal et al., 1997) have shown weight gains ranging from 1.4 kg (3.1 lb) to 2.3 kg (5.1 lb). Thiazolidinediones can cause weight gain and a redistribution of body fat from visceral to subcutaneous stores as well as edema. A study by Wallace et al. (2004) showed weight gain of 0.70 kg (1.5 lb) in patients with Type 2 diabetes taking pioglitazone after a period of 12 weeks.
Weight gain is also associated with the use of antihypertensive medications, specifically ß-adrenergic blockers, but this is not a consistent finding (Kumpusalo and Takala, 2001) . A recent study showed a mean weight gain of 1.19 kg (2.6 lb) in patients taking metoprolol tartrate compared with those taking carvedilol for hypertension, suggesting that weight gain is not a class effect (Messerli et al., 2007) . A meta-analysis (Sharma et al., 2001) of body weight changes in a series of randomized controlled hypertension trials of at least 6 months duration showed that body weight was higher in the ß-blocker group than in the control group at the end of the study, with a median difference of 1.2 kg between the beta blocker group and the control group.
There is conflicting research on weight gain and oral contraceptive use. Many studies are unable to distinguish oral contraceptive-related weight changes from weight changes associated with changes in diet or physical activity. One study showed that after 4 cycles, 31% of the women gained weight, but only 5% gained more than 5% of their baseline body weight (Rosenberg, 1998) . A greater magnitude of weight gain is associated with the use of progestins such as depomedroxyprogesterone. A study by Espey and colleagues (Epsey et al., 2000) indicated an average excess weight gain of 6 pounds at 1 year and 11 pounds at 2 years compared to a control group. A study of 19 women with polycystic ovarian syndrome measured the effects of contraceptive treatment on weight and lipids (Vrbikova et al., 2006) . The results indicated a significant increase in body weight (p < 0.05), total cholesterol (p < 0.05), and triglycerides (p < 0.004) in patients before and after contraceptive use. The link between weight gain and hormone replacement therapy is difficult to measure given that menopause itself is associated with changes in body composition and energy metabolism.
Antihistamine users may also experience weight gain. Research is inconclusive regarding differences in the weight gain potential of sedating vs. nonsedating antihistamines, but it appears that the more potent the antihistamine, the greater the potential for weight gain (Aronne, 2002a) . Corticosteroids have also been shown to cause weight gain. One study showed a 2.0 kg (4.4 lb) weight gain after 24 weeks in patients taking prednisone (Prummel et al., 1993) .
Treatments for human immunodeficiency disease include administration of antiretroviral therapy and protease inhibitors. Although effective for suppressing HIV viral activity and improving health, such treatments are associated with weight gain and increased deposition of abdominal adipose tissue (Stricker and Goldberg, 1998) . One study of 10 HIV patients treated with protease inhibitor-containing regimens found that patients gained an average of 19 lbs (p = 0.006) after a period of 6 months (Stricker and Goldberg, 1998) .
Conclusion
The potential contribution of commonly prescribed medications to the growing obesity epidemic is highlighted by the fact that several million people take the above-mentioned drugs on a chronic basis. Furthermore, weight, once gained, is not easily lost, accumulating an even larger group of people who have taken the drugs for shorter periods of time. This source of weight gain is preventable, and highlights the need for increased education among clinicians. In many cases, there are alternative medications with little or no potential for weight gain. A lack of acceptable alternatives warrants prescribing the minimal dose to produce clinical efficacy and careful monitoring of weight, with early institution of a program of diet and lifestyle that may minimize drug-induced weight gain.
AMBIENT TEMPERATURE AND OBESITY
General Statement of the Putative Cause and Hypothesized Mechanisms of Action
The thermal environment affects both energy expenditure and energy intake to maintain homeostasis (Garrow et al.,1978) , and a thermal neutral zone (TNZ) can be defined as a range of ambient temperatures across which energy expenditure is not allocated towards maintaining a constant body temperature. At temperatures above and below the TNZ, energy intake and expenditure are adjusted to maintain thermal homeostasis. We postulate that an increased usage of climate control permits humans to spend more time in the TNZ which results in a positive energy balance and is manifested as weight gain. Furthermore, we propose that recent trends in the use of climate control may be a modest, yet significant contributor to the recent increase in the prevalence of obesity.
Basic Science Evidence
The relationship between ambient temperature and body weight has been addressed by several animal studies. Rowe et al. (1982) showed that the body weight and fat stores of rats housed at thermal neutral conditions (25 • C) were greater than rats housed under cooler conditions (18 • C). Presumably, rats housed below thermal neutral temperatures would be allocating their energy intake towards increasing thermoregulation, whereas rats housed within thermal neutral conditions would be storing this excess energy intake as adipose tissue. Conversely exposure to ambient temperatures above thermal neutral conditions is associated with reduced body weight. The effect of high ambient temperature on body weight has been extensively studied in the agricultural field, where studies in cattle (Mader et al., 2003) , pigs (Collin et al., 2001) , and chickens (Yahav et al., 1996) have shown that weight gain is reduced when animals are housed at high ambient temperatures. These studies suggest that the reduction in weight gain is primarily due to decreased food intake at high ambient temperatures. However, the increased metabolic cost of maintaining a constant body temperature (via postural adjustments, evaporative cooling) is likely to exacerbate the effect of high ambient temperatures on body weight.
Ecological Correlation Evidence
In humans, the TNZ is approximately 25-30 • C, and there is substantial evidence that the average ambient temperature has increased in recent history. Between 1970 and 2000, the average internal home temperature in the United Kingdom has increased from 13 • C to 18 • C (EHCS, 2000) . Perceptions of thermal comfort in the United States have also increased, with the thermal standard for winter comfort increasing from 18 • C in 1923 to 24.6 • C in 1986 (Space Heating Technology Atlas 2004 . In addition to increased use of climate control for heating, there is evidence that individuals are less likely to be exposed to temperatures above the TNZ. For example, the percentage of homes in the United States with central air conditioning has increased from 23.0% to 47.1% between 1978 and 1997 ( Fig. 9 ). 
Epidemiologic Evidence
It is tempting to speculate that historical modifications in the thermal environment have contributed to the obesity epidemic by influencing postnatal weight gain. There is a growing appreciation for the effect of the environment during infancy on the risk of late-life disease, especially with regard to the prevalence of obesity and diabetes (Strauss et al., 1997) and several studies suggest that the perinatal thermal environment is related to the risk of obesity. For example, one study of adolescents aged 15-19 years old revealed that females with a BMI > 85th percentile tended to be born during warmer ambient temperatures (>13.2 • C), although the relationship was only statistically significant for African American females (van Hanswijck de Jonge et al., 2002) . Another study showed that one week-old infants placed in an incubator at 36.5 • C for two weeks had greater increases in body weight and length compared to a group of infants placed in an incubator maintained at 35 • C despite being identical food intake (Glass et al., 1968) . Additionally, weight gain during the first four months of life is positively correlated with childhood overweight status , and weight gain during this period is greater for infants born in the spring (and presumably reared in warmer ambient temperatures) than infants born in the fall, although this was only significant for Puerto Rican and African Americans (van Hanswijck de Jonge et al., 2003) .
Experimental Evidence from Human Studies
The increase in ambient temperature is likely to result in decreased metabolic rate as shown in several studies in humans: energy expenditure was 167 kcal day −1 lower in males exposed to 22 • C compared to 16 • C (Westerterp-Plantenga et al., 2002) , and Buemann et al., (Buemann et al., 1992) reported a nearly identical reduction (168 kcal day −1 ) in women exposed to sim-ilar thermal conditions (24 • C vs 16 • C). Other studies report smaller (23 kcal day −1 ) (Dauncey, 1981) or larger (239 kcal day −1 ) (van Marken Lichtenbelt et al., 2001) , 185 kcal day −1 (Westerterp-Plantenga et al., 2002) reductions in metabolic rate in the TNZ compared to cooler temperatures. Nonetheless, it is clear that metabolic rate in humans is lower within the TNZ compared to temperatures that were historically the norm.
Increased weight gain is a logical consequence of the decreased metabolic rate observed in the TNZ. Although the absolute decrease in metabolic rate in the human studies was quantitatively small (23-239 kcal day −1 ), other studies have demonstrated that similar differences in rates of energy expenditure alone are predictive of future weight gain (Ravussin et al., 1988; Tataranni et al., 2003) . Therefore, the historical increase in ambient temperature may have had subtle, yet significant effects on metabolic rate and consequently, weight gain. This relationship assumes that humans have reduced their food intake in parallel with the historical increase in ambient temperature, and we feel that this is unlikely.
Increased utilization of air conditioning may exert a more substantial effect on weight gain by attenuating the negative influence of hot environments on food intake. Food intake is generally lower in warm environments (Stroebele et al., 2004) and studies of food selection in cafeterias show that there is a trend for selection of lower-calorie food items the late summer (Zifferblatt et al., 1980) . Furthermore, Johnson et al. (1947) report a strong negative relationship between voluntary food intake and environmental temperature in military troops. In addition to decreasing energy intake, exposure to high ambient temperatures also increases metabolic rate-when exposed to hot environments, the core body temperature is elevated and the metabolic rate increases by 7-17% per • C rise in body temperature (Saxton et al., 1981) . Thus, an increased use of air conditioning is likely to lead to a positive energy balance by increasing energy intake while reducing energy expenditure.
INTRAUTERINE AND INTERGENERATIONAL EFFECTS General Statement of the Putative Cause and Hypothesized Mechanisms of Action
Genotype and phenotype are not identical, and a key linkage is via the processes of developmental plasticity through which environmental signals acting during early development influence functional and organ development (West-Eberhard, 2003) ; epigenetic processes are thought to be central (Burdge et al., 2007) . Developmental plasticity is a normative process by which change is made in an attempt to better adapt the organism to its anticipated environment. Other developmental responses, generally under more severe conditions, are made as a result of tradeoffs to allow either the fetus or mother to survive concurrent environmental stress. These two classes of response have an adaptive origin although both may have maladaptive consequences. A further set of developmental responses induced by an extreme environment, toxins or infection may disrupt the developmental program-this cannot be considered adaptive in origin (Gluckman et al., 2005b) . As a key part of an organism's life-course strategy depends on matching nutritional demand and energy stores to the environment, these developmental considerations deserve a greater focus in understanding the etiology of excess adiposity. A further consideration is the particular role of fat in infant survival-humans have been described as the fattest species at birth and it has been strongly argued that this fat is an important buffer against the risk of malnutrition following weaning (Kuzawa, 1998) .
There is growing evidence to suggest that these various mechanisms play a significant role in explaining the emergent patterns of metabolic compromise and obesity. A harder issue is to quantify the relative importance of these effects, as they do not act in isolation; indeed the experimental evidence would suggest that the primary effect of the developmental phase is to alter the risk of an individual developing obesity and insulin resistance in particular energetic environments later in life (Gluckman et al., 2004) .
There are at least two developmental pathways to an increased risk of obesity that have their origin in prenatal or early infant life. These are likely to involve quite distinct processes and they will therefore be considered separately. Together, they are likely to account for the U-or J-shaped relationship between birth weight and later obesity or insulin resistance (McCance et al., 1994; Curhan et al., 1996) .
The Mismatch and Related Pathways
It is clear that an impaired embryonic, fetal, or infant environment can lead to a greater risk of visceral obesity and metabolic compromise in later life. Indeed, there is growing evidence that relative visceral obesity may be present from birth in small-forgestational-age infants (Harrington et al., 2004) . This pathway has been the focus of a growing field of research known as the "developmental origins of health and disease." A tendency to pathogenic adiposity and its associated diseases are the potential maladaptive consequences of developmentally plastic responses made in early life that either lead to immediate responses requiring fetal adaptations for survival (e.g. growth impairment) or which through anticipatory processes induce a phenotype matched for a more thrifty adult environment (Gluckman et al., 2005b) . The distinction between these processes is not clear; they may be a continuum and involve overlapping proximate mechanisms. In either case, they lead to mature individuals who have followed a developmental trajectory appropriate for a lower energy environment but who find themselves in a high energy environment and with physiological and structural adaptations that are now inappropriate and associated with a greater propensity to lay down fat and develop insulin resistance-this is manifest as obesity and its complications (Gluckman et al., 2004b) . At least in its anticipatory form, this is a normative physiological process (Gluckman et al., 2007b) and it can be considered as the outcome of a mismatch between the phenotype defined by evolutionary and developmental processes and the energy environment the individual now lives in (Gluckman et al., 2006) .
Epidemiological Evidence
In the 1970s there were data that showed that experimentally induced fetal growth retardation in rats led to offspring with a greater risk of insulin resistance and abnormal pancreatic function (Aerts et al., 1979; De Prins et al., 1981) but these provocative observations were ignored until a series of epidemiological observations by Barker and colleagues showed that impaired human fetal development as reflected in reduced birth size had later cardiovascular and metabolic effects (Barker et al., 1986; Hales et al., 1991) . Subsequently the same group returned to one of these cohorts and demonstrated that those born smaller had as 65-year-olds greater body fat, less lean body mass and greater visceral adiposity (Kensara et al., 2005) . These data were based on a comparison of low birth weight vs normal/high birth weight. Although the data relating birth size to metabolic outcomes was initially controversial, there are now a large number of studies relating birth size to later insulin resistance (Godfrey, 2006) and a smaller number relating birth size to adult adiposity (Martorell et al., 2001) . From such studies one important point stands out-later clinical outcomes such as cardiovascular disease are not related to a low birth size per se, but rather there is a continuous relationship between birth size and later disease risk which continues across the entire birth size range although at the highest birth sizes the risk may again rise as within this group lies the offspring of the gestational diabetic mother (Barker et al., 1989; Osmond et al., 1993; Curhan et al., 1996) .
Birth size is not envisaged as the causative factor, but is rather seen as a surrogate for maternal, environmental, and placental factors that impair fetal nutrition-the actual delivery of nutrients across the placenta to the fetus. A variety of factors can impair fetal nutrition either directly or indirectly (Harding et al., 1995; Gluckman et al., 2004a) . Rather than focus on the extremes caused by overt maternal and placental disease, there is a growing consideration of the non-pathophysiological factors that impact on fetal nutrition or fetal growth. For example, fetal growth is impaired in those who are born to smaller mothers, to first-time mothers, or to very young mothers. Thus, first-born children may be at particular risk (Stettler et al., 2000) and the percentage of first born children in the population has risen as family size has fallen.
These are all processes which lead to reduced nutrition and are generally considered under the rubric "maternal constraint." There is also evidence that variation in maternal nutrition within the unremarkable range of intakes of Western women can affect fetal physiology, size at birth, and subsequent endothelial function in childhood (Godfrey et al., 1996a; Godfrey et al., 1996b; Javaid et al., 2004; Gale et al., 2006) .
Clinical Evidence
More recently, researchers have begun a number of prospective cohort studies of children from birth or before. These have shown that children of lower birth size present the pattern of excess adipose gain . This is supported by studies in detail of more particular subgroups. For example, a study of children born with intrauterine growth retardation shows specific gain of visceral adipose tissue by 6 years of age (Ibáñez et al., 2008) .
There are also a growing number of MRI studies of body composition at birth (Harrington et al., 2004; Modi et al., 2006) . These show that while smaller babies have reduced subcutaneous fat with the reduction proportionate to the fall in birth size, visceral fat is not lost to the same extent so that the smaller babies have relative visceral adiposity. Given the metabolic properties of visceral fat (Ostman et al., 1979) , this provides a plausible route to later metabolic compromise.
Experimental and Mechanistic Evidence
There is a very large body of evidence, reviewed elsewhere (McMillen et al., 2005) , relating compromised fetal development to later obesity and metabolic compromise. While the bulk of studies are in the rat, there are also studies in sheep, in primates, in mice, and in pigs. In general these studies challenge fetal development by reducing overall maternal nutrition or by specifically reducing maternal protein intake or by administering glucocorticoids to the mother. Several key points arise from such studies. First, there is an interaction between the prenatal and postnatal environments such that the combination of a prenatal low nutrient diet and a post-weaning high fat diet has a far greater effect on adiposity than does a postnatal high fat diet alone (Vickers et al., 2000) . Second, the studies suggest multiple components of the adipose phenotype are affected. These include such central effects as appetite control and food preference-offspring of nutritionally impaired pregnan-cies have a preference for higher fat foods and are hyperphagic (Vickers et al., 2000; Bellinger et al., 2004) . Provocatively, these rats have reduced activity in open field testing-it is not yet clear whether this reflects mood alterations or reduced voluntary exercise (Vickers et al., 2003) . They have neuroendocrine alterations in the hypothalamus (Ikenasio-Thorpe et al., 2007) . They are also sarcopenic, develop endothelial dysfunction, visceral, hepatic, and subcutaneous obesity and have disordered expression of metabolic genes in peripheral tissues. These findings suggest that there is a coordinated central and peripheral response to an impaired fetal experience. Intriguingly the phenotype is remarkably similar irrespective of its mode of induction, suggesting common underlying mechanisms. There are data in which the effect of nutrition on later outcomes has extended from the periconceptional period to the lactation period (McMillen et al., 2005) , but as yet it is unclear whether the effects are very specific to different developmental phases within this window.
The likely proximate mechanisms are reviewed elsewhere (Burdge et al., 2007; Waterland et al., 2007) , with much interest focusing on the epigenetic processes reviewed below. There is growing evidence that the alterations in gene expression in metabolic pathways are in turn underpinned by upstream methylation changes in specific regulatory genes such as for the peroxisome proliferator activated receptor α and the glucocorticoid receptor, which are central to control of carbohydrate and lipid metabolism (Lillycrop et al., 2005; Gluckman et al., 2007c) . These are not parentally imprinted genes and it has been suggested that this reflects the role of nonimprinted epigenetic change in the regulation of developmental plasticity.
Several studies have now shown in the rodent that administration of leptin in the neonatal period, either directly or via the mother, prevents the development of the metabolic phenotype and in particular the development of adiposity (Stocker et al., 2004; Vickers et al., 2005) . This in turn is associated with a reversal of the changes in gene expression and methylation of these genes in liver tissue when examined as adults (Gluckman et al., 2007c) . The mode of action of leptin is a subject of speculation. It may be acting by effects on neonatal food intake but this seems unlikely given that large changes in infant food intake only cause minor modification of the adult phenotype. There is evidence that leptin has effects on hypothalamic maturation (Bouret et al., 2004) and a key research question is whether this effect has a critical period which is accessible in other species, such as the human, more mature at birth.
Mechanisms
While the proximate mechanisms have been discussed above, if there are physiological mechanisms it is necessary to consider the ultimate mechanisms that have protected these processes through evolution. Life history theory points to the importance of trade-offs in development (Stearns, 1992) . One trade-off is if the intrauterine environment is nutritionally restrictive, growth is impaired initially to conserve nutrients for the fetal brain and under more severe conditions to protect the mother. This may become irreversible, and the offspring is left to cope with the various adaptations made in the growth impaired fetus. This is the origin of the thrifty phenotype model proposed by Hales and Barker (1992) .
However, the continuous association between birth weight and outcome extends across the normative range of birth size and such severe tradeoffs seem unlikely to be the explanation for the outcomes for the majority of infants born in this range. Bateson (2001) and Gluckman and Hanson (2004c) independently proposed an anticipatory model based on the considerable comparative evidence that organisms in early development may make adaptive responses which are of no advantage at the time they are made but are able to better match the organism to the later predicted environment. These have been termed "predictive adaptive responses" (Gluckman et al., 2005a) . If the developing organism anticipates a future lower nutritional environment then the appropriate response is to induce a suite of coordinated responses which will maximize reproductive fitness in a nutritionally compromised environment. These would include a tendency to prefer a high fat diet, hyperphagia, less investment in muscle mass, and a tendency to visceral adipose stores when excess energy was available (Gluckman et al., 2004b; Gluckman et al., 2007b) . These would be of no consequence in a nutritionally limited environment, as was likely to have been the case for humans in preagricultural history, but is likely to lead to mismatch in modern environments. As the likelihood of high energy environments grows in modern times, the risk of mismatch and thus obesity grows.
Importantly, maternal constraint limits the maximal environment the fetus can anticipate by putting a cap on nutrient transfer, and this in turn limits the range of postnatal environments which the offspring can manage without risk of mismatch (Gluckman et al., 2004a) . Such a mechanism could well explain differential relationships across ethnic groups; for example, South Asians, who have much lower birth weights, have a greater risk than Europeans of metabolic compromise for a given body mass (Whincup et al., 2002) .
Ecological Context
The biggest research challenge is to identify the prevalence of this pathway. Elsewhere it has been argued that it is a major contributor to the risks of heart disease and diabetes (Barker et al., 2002) . However, we currently lack a useful biomarker that can detect alterations in the trajectory of metabolic development. The most likely candidate is probably some measure of specific epigenetic change, but until such a biomarker exists, the prevalence and importance of the mismatch pathway to the risk of obesity can only be estimated from the substantial and experimental data. The model can explain a number of features of the demography of obesity, such as the rapid appearance in populations in transition (Prentice, 2006) and the higher incidence in first-born children (Stettler et al., 2000) . One concern is recent evidence from the UK that shows that the incidence of imprudent diets in pregnancy is very high. Up to 50% of women in the lowest educational groups had a diet inappropriate to support an optimal fetal outcome (Robinson et al., 2004) . In Japan birth weight is falling and this is paralleled by a reduction in maternal weight gain in pregnancy which is secondary to a number of cultural changes including an unsubstantiated belief that dietary restriction of weight improves pregnancy outcome (Gluckman et al., 2007a) . The recent Foresight exercise in the UK suggested that of all the putative strategies to attack obesity, the focus on early development was the most likely to be productive (http://www.foresight.gov.uk/Obesity/obesity final/17.pdf).
Maternal Overnutrition, Perinatal Hyperinsulinemia, and Related Processes
Insulin is adipogenic in late fetal and infant life, probably increasing both fat cell number and fat cell content (Wu et al., 1999) . The presence of more fat cells from birth thus sets a template on which it is easier later to develop obesity in an obesogenic environment. This pathway is most well defined in relation to the offspring of mothers who have Type 2 diabetes or who develop gestational diabetes, which itself reflects the insulin resistance arising from altered metabolic partitioning during pregnancy. The pathophysiological pathway is believed to be that maternal hyperglycemia leads to greater transfer of glucose across the placenta, which occurs via a process of facilitated diffusion and is therefore partially concentration dependent. In turn, increased delivery of glucose to the fetus in late gestation leads to increased fetal insulin release and this in turn leads to greater adipogenesis. This is supported by experiments in which fetal monkeys have been infused with insulin (Susa et al., 1984) and by clinical observations (Eidelman et al., 2002) . Generally infants of gestational diabetics are macrosomic, with the degree of macrosomia partially dependent on the degree of diabetic control. While fetal hyperinsulinemia leads to a small increase in lean body mass, the greater effect is on fat mass. Irrespective of size at birth, however, postnatal weight gain curves show, by four years of age, a faster gain of body mass relative to offspring of non-diabetic mothers (Silverman et al., 1998) .
The prevalence of gestational diabetes in the US is now about 9% (Lawrence et al., 2008) ; while this may represent only a relatively small pathway to obesity, there is growing concern about the role of maternal obesity itself independent of clinically apparent diabetes. There is a growing body of evidence that fat mothers give birth to babies who become fat children. For example, in a US cohort maternal first-trimester obesity led to a two to threefold increase in the risk of childhood obesity in their progeny, such that 24% of children of obese mothers were themselves obese at age 4 compared with 9% of children of normal-weight mothers (Whitaker, 2004) . Conversely, in a UK cohort the strength of association between parental BMI and offspring BMI at age 7.5 was similar for both parents (Davey Smith et al., 2007) , suggesting a cultural rather than biological basis for the phenomenon. Nevertheless, there is growing experimental evidence that high fat diets in pregnant rodents lead to obese offspring (Samuelsson et al., 2008) . Given the increasing prevalence of maternal obesity, this may be a growing and compounding pathway by which sensitivity to obesogenic diets 899 is enhanced in the perinatal period.
Formula feeding in infancy is associated with an increased risk of obesity. Some (Gillman et al., 2001; Owen et al., 2005a; Harder et al., 2005) but not all (Owen et al., 2005b) observational studies and meta-analyses have found that breast-feeding is protective against obesity in later life. If indicative of causation, there are several possible mechanisms. Formula has a very different protein content and composition (Ziegler, 2006) . Formula-fed children drink higher volumes, which may entrain satiety differently (Taveras et al., 2004) . Breast-fed infants have a different gut biota because of the oligosaccharide content of human milk (Parracho et al., 2007; Boehm et al., 2007) and thus the biotic conversion of food may be different, leading to different absorption (Turnbaugh et al., 2006) . Alternatively it may be that bottle feeding after a period of relative constraint in fetal life merely exaggerates a mismatch. All these may induce short-term effects on adipose tissue development which, as they are occurring through a phase of metabolic and neuronal plasticity, may later manifest in greater sensitivity to fat in the diet.
Epidemiological and Clinical Evidence
There is strong epidemiological evidence that a maternal hypernutritional state, whether due to pre-existing Type 2 diabetes, gestational diabetes or obesity, generates long-term risk of obesity for the child. Pre-existing Type 2 diabetes or gestational diabetes affect 8-9% of pregnancies in the US (Lawrence et al., 2008) , whereas overweight or obesity affect nearly 50% of pregnancies (Ehrenberg et al., 2004) . Correspondingly, high birth weight, whether defined as macrosomia (birth weight >4000 g) or large for gestational age (>90th centile), has increased in developed countries, now occurring in 20% of infants in Denmark and increasing by 23% in Sweden and by 24% in Canada during the 1990s (Catalano et al., 2007) . Increasing hyperglycemia in pregnancy is associated with an increased risk of childhood obesity (Hillier et al., 2007) . Obesity itself increases the risk of gestational diabetes by fivefold (Baeten et al., 2001) , but even obese women with normal glucose tolerance have a twofold risk of having a macrosomic baby (Kleigman et al., 1985) . Importantly, adiposity patterns may be altered in the children of women with gestational diabetes even in the absence of macrosomia, with relative increases in fat mass and proportion of body fat (Catalano et al., 2007) . Maternal weight loss by prepregnancy bariatric surgery seems to prevent transmission of obesity to children compared with the offspring of mothers who did not undergo the surgery and remained obese (Kral et al., 2006) . Gestational weight gain irrespective of pre-pregnancy body mass is positively associated with obesity at 3 years (Oken et al., 2007) . In turn, higher birth weight is linked by strong epidemiological evidence to childhood, adolescent, and adult obesity, as demonstrated by the large cohort studies showing a greater prevalence of overweight in individuals born large (Martorell et al., 2001) as well as more recent clinical studies showing that mothers with a higher prepregnant BMI or a larger mid-upper arm circumference during pregnancy tend to have children with greater adiposity at age 9 years (Gale et al., 2007) .
The effect of a hypernutritional state may extend into postnatal life. Numerous studies, summarized in systematic reviews and meta-analyses (Baird et al., 2005; Monteiro et al., 2005; Ong et al., 2006; Stettler, 2007) , have shown that rapid weight gain during early infancy is associated with susceptibility to obesity in adulthood. Such rapid weight gain is often associated with formula feeding, and the protective effect of breast-feeding against later obesity (see above) may reflect this. Indeed, studies that have manipulated the composition of formula feeds have shown protective effects of slower growth against cardiovascular risk factors in adolescence (Singhal et al., 2003; Singhal et al., 2004) and of low-protein formula against infancy weight gain.
Experimental Evidence
As reviewed elsewhere (Nathanielsz et al., 2007) , the epidemiological and clinical observations on maternal obesity and gestational diabetes are supported by experimental studies showing similar effects in animal models. For example, feeding an obesogenic diet to female mice from before mating through lactation leads to maternal obesity as well as hyperphagia, increased adiposity, decreased muscle mass, and reduced locomotor activity in the offspring (Samuelsson et al., 2008) . Models of postnatal hypernutrition also exist. The overfeeding caused by suckling rats in small litters leads to later appetite dysregulation and obesity, even if a normal diet is fed after weaning (Plagemann et al., 1992 ). An artificial high-carbohydrate but low-fat diet in the pre-weaning period causes obesity in rats (Srinivasan et al., 2003) , as does maternal gestational diabetes (Franke et al., 2005) , an effect that can be mimicked by neonatal administration of insulin (Harder et al., 1998) . This last observation, together with our observation of the protective effects of neonatal leptin treatment (Vickers et al., 2005) , confirms the importance of the neonatal period in the programming of obesity, at least in rodents.
Mechanisms
There are a number of mechanisms by which maternal hyperglycemia and/or obesity, or early-life overnutrition, may translate into offspring obesity. One relates to adipogenesis and adipocyte metabolism. The increase in the mass of adipose tissue associated with obesity involves both hyperplasia via differentiation of preadipocytes and hypertrophy of existing adipocytes (Prins et al., 1997) . Adipogenesis begins in fetal life, and there is evidence for maternal nutritional programming of fetal adipogenesis in both undernutrition (Budge et al., 2005) and overnutrition (Taylor et al., 2006; Samuelsson et al., 2008) models. For example, in sheep increased maternal nutrition results in increased in adipogenic, lipogenic, and adipokine gene expression in fetal adipose tissue (Mühlhäusler et al., 2007) .
Experimental evidence suggests this is mediated at least in part by insulin (Susa et al., 1984) .
A further possible mechanism relates to "programming" of hypothalamic appetite control systems in the offspring. The hypothalamus, particularly the arcuate and paraventricular nuclei, integrates signals of nutrient availability to control feeding behavior via secretion of orexigenic and anorexigenic neuropeptides (Mühlhäusler, 2007) . These appetite control circuits are plastic in early life, although the precise timing of the critical windows during which their development can be affected by nutritional factors depends on the maturation stage at birth of the particular species. There is abundant experimental evidence suggesting that factors such as maternal or fetal hyperglycemia, maternal overfeeding during pregnancy or postnatal overfeeding of the offspring can affect the maturation and functioning of the hypothalamic neural networks controlling appetite, both in species such as the sheep where (as in humans) the regulatory circuits are relatively mature at birth (Mühlhäusler et al., 2006) and in species such as the rat where the circuits are not fully developed until shortly before weaning (Davidowa et al., 2004) .
A third mechanism relates to cultural or familial effects causing intergenerational transmission of dietary or exercise habits. For example, patterns of diet and exercise can affect risk across more than one generation (Brook et al., 1999) .
Integration
These two classes of developmental pathway, broadly defined by undernutrition and hypernutrition in early life, are not mutually exclusive and may co-exist in a single individual. For example, women who themselves were born small may be more likely to become insulin resistant in pregnancy and thus the fetus is both constrained through the mismatch pathway, presuming maternal glucose is not the sole signal of maternal nutritional state to the fetus, and has excess adiposity secondary to maternal gestational diabetes (Gluckman and Hanson, 2005) . So-called "catch-up" or "compensatory" growth, defined as a period of accelerated growth after early nutritional restriction, may pose particular problems for later metabolic health. The deleterious effects of catch-up growth are apparent from theoretical models (Mangel et al., 2005) , animal studies (Hales et al., 2003) , clinical evidence (Ibáñez et al., 2006; Ibáñez et al., 2008) , and epidemiological studies Barker et al., 2005) . The relative contributions of impaired prenatal growth and accelerated postnatal growth to later metabolic compromise remain to be disentangled, although experimental studies (Jimenez-Chillaron et al., 2007) suggest that attenuation of catch-up growth after low birth weight is protective against later obesity. The key point is that developmental cues create sensitivity to later conditions, impacting on behaviors such as appetite and on the routes to utilization of energy consumed.
The clinical and societal implications of these developmental pathways to obesity are several-fold. Increasing evidence for the effects of accelerated early growth on later obesity has led to debate on the optimal management of the small-for-gestationalage infant (Ong, 2007) and on the design of supplementary feeding programs in developing countries (Uauy et al., 2002) . More widely, adoption of new child growth standards recommending slower early weight gain may help to prevent later obesity. Although, with some exceptions (Gluckman et al., 2007a) , low birth weight is a decreasing problem in developed countries, evidence that a suboptimal intrauterine environment may lead to metabolic compromise without decrease in birth weight (Barker et al., 1989; Osmond et al., 1993; Catalano et al., 2007) , together with demonstration of the later effects on the offspring of even subtle changes in macronutrient (Gale et al., 2006) or micronutrient (Yajnik et al., 2008) status during pregnancy, underlines the importance of a balanced maternal diet before and during pregnancy. Worldwide, the metabolic mismatch resulting from the "nutrition transition" in developing countries, with its characteristic suboptimal fetal development coupled with later energy-dense nutrition, presents a major public health challenge (Monteiro et al., 2004; Prentice, 2006) . Breaking these intergenerational cycles of obesity requires a focus on optimal nutrition through the life course.
OVERALL SUMMARY AND CONCLUSIONS
Overall it is clear that multiple plausible causes of obesity exist outside of the big two and that as of yet these alternatives have had little if any influence on mainstream discussions of clinical and public health approaches to obesity. This is unfortunate because some of these putative causes could lead directly to practical intervention and prevention approaches. An obvious example building on the idea of sleep debt would be to try to get people to sleep more and then to see if doing so produced more weight loss or less weight gain. According to the Clinical-Trials.gov website, at least one such study is underway in adults (ClinicalTrials.gov Identifier: NCT00261898) and another in infants (ClinicalTrials.gov Identifier: NCT00125580). Perhaps instead of additional large-scale studies investigating increasing PE in schools as an obesity reduction strategy, when such programs have often been shown to be ineffective, we should be promoting napping in children during school hours and then assessing the results. It is certainly possible that such a program would work no better then PE, but given the available data it seems worth trying.
How well supported are the putative causes we have reviewed? Figure 10 illustrates the increasing prevalence of some of these putative contributing factors over time, and Table 3 provides an overall summary, permitting one to obtain a sense of a reasonable ranking of each factor in terms of the strength of the evidence that there is a nonzero effect. In some cases, e.g. drug-induced weight gain, data are clear and consistent in every area of evidence including relatively long-term randomized controlled trials in humans that this is indeed an influence. It would obviously be useful to rank the factors in terms of the magnitude of their effects, but at present, we have insufficient information Figure 10 Prevalence of putative contributors against the increasing prevalence of obesity. a) prevalence of obesity (CDC), b) mean age of mothers at first birth (NCHS, 2003) , c) percentage of homes using air conditioning (Energy Information Administration), d) Patient visits involving Antipsychotic prescriptions (Olfsen et al., 2006) , e) Glitazone prescriptions (IMS Health), f) PBDE in breastmilk (Noren et al., 2000; Guvenius et al., 2003) , g) Average hours of sleep per night (data points from Terman and Hocking, 1913; Hammond, 1964; McGhie and Russel, 1962; Tune, 1968; Hicks et al., 2001 , Palmer et al., 1980 NSF, 2000; Punjabi et al., 2003). to do so. In other such cases as, for example, increased fecundity among certain segments of the BMI distribution, the evidence is too inchoate to support firm conclusions.
For all of these putative causes, we believe further research is warranted. For some such as sleep debt, research is warranted to determine whether the factor is indeed contributing to obesity levels. For some such as obesity-promoting drugs, research investigating mechanisms that may lead to an understanding of how to modulate the effects or design alternatives that will not have such deleterious effects is warranted. For some, such as sleep debt or ambient temperature effects, studies involving manipulation of these factors in human randomized controlled trials to evaluate effects (if any) on weight seem warranted, and indeed some such studies are underway (the sleep studies were mentioned above; for ambient temperature, see Clinical-Trials.gov Identifier: NCT00521729).
Finally, we believe that the factors we identify above do not exhaust the list of plausible contributors. Rather they serve as a clarion call for scientists to remain skeptical of simplistic conclusions about complex phenomena which public health advocates in the obesity field in particular seem prone to accept as complete and adequate explanations. In this unusually public discussion it is imperative that scientists remain open to alternative ideas, insist that claims about the causes of the obesity epidemic be grounded in the best available data, and recognize that any one explanatory theory must be viewed in the context of this constellation of plausible, interrelated, and still untested hypotheses.
